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PREFACE 
This thesis presents information collected on the macroalgal ecology and benthic nutrient 
cycling in the Swan-Canning Estuarine System, Western Australia. This project was one 
component of a five year multidisciplinary study, initiated by the Stae Government in May, 
1994. The primary aim of the multidisciplinary study was to investigate the ecology and 
nutrient status of the Swan-Canning Estuarine System, in particular the cause of several toxic 
algal blooms in the early 1990s, and to develop an action plan targeting management issues. 
A Task Force incorporating several academic institutions, state and local government bodies, 
and business and community groups was chosen to develop a draft Action Plan by 1999. 
ABSTRACT 
This study documented the macroalgal assemblages of the Swan-Canning Estuarine System 
(SCES) over a two year period, and the influences of several environmental parameters on 
the assemblages. In addition, the impacts of unattached macroalgal accumulations on 
benthic nutrient fluxes and microbial communities were investigated. 
Benthic macroalgal assemblages and physico-chemical regimes were monitored in the 
SCES, to determine temporal and spatial changes in macroalgal communities and the 
influence of environmental factors in these changes. Physico-chemical regimes 
demonstrated strong seasonal changes, which revolved around the onset and cessation of 
freshwater flows in winter (May to September). In the months after freshwater flows, strong 
spatial variability n physico-chemical profiles was observed. However, by summer the 
system was essentially marine. Macroalgal biomass and species richness was lowest in 
winter. Species number was maximal during periods of greatest hydrological variability in the 
estuary (spring and autumn). It may be inferred from results of statistical analyses that 
substrate type (i.e. hard/soft) and waterflow were the most influential factors over temporal 
and spatial distribution of macroalgal species in the SCES. These factors were reflected by 
the patchiness of macroalgal distribution in the system - attached macroalgal species 
distributed unevenly according to availability of limited hard substrate and presence/absence 
of unattached macroalgal species corresponding to seasonal fres hwater flows. One species, 
Graci/aria comosa, dominated macroalgal biomass and was the most widespread species 
and commonly occurred as extensive, unattached accumulations. 
As G. comosa was the most abundant unattached macroalga, accumulations of this sp ecies 
were investigated to determine the characteristics and behaviour of accumulations in the 
Swan-Canning Estuarine System. Accumulations were characterised by seasonally 
measuring height and biomass of accumulations in three regions of the estuarine sy stem over 
one year. The height of accumulations was generally between 5 and 25cm, regardless of 
water depth, location, or season. Biomass was highly variable, but generally between 100 
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and 500g dwt/m2 • The persistence of macroalgal accumulations was monitored at 28 sites 
within 10 estuarine regions, over a three month period, during which the first freshwater flows 
were recorded. Accumulations persisted between one week and one month, depending on 
the region, with accumulations persisting for longer periods in areas of low flow such as 
embayments and the regulated Canning River, and for shorter periods in regions of higher 
flow such as the channelised Swan River. 
Field and laboratory studies were performed to determine if the presence of G. comosa 
accumulations had an impact on sediment-water nutrient exchange. Field studies established 
that accumulations affected benthic nutrient fluxes within a 24 hour period. However, this 
effect was site-dependent, occurring at an estuarine site of relatively high sediment organic 
content, but not at a site of relatively low sediment organic. Diurnal changes in water quality 
inside algal accumulations corresponded to photosynthetidrespiratory activity of the 
macroalgae - most notably, increases in orthophosphate and ammonium fluxes from the 
sediment after approximately 8h of darkness. Since this effect was on time scales less than 
the period of persistence (weeks to months), it was concluded that macroalgal accumulations 
have an impact on benthic nutrient fluxes from sediments of relatively high organic content in 
the system. 
Laboratory studies investigated the effect of depth and density of an algal layer on sediment­
water nutrient exchange. The experimental results concurred with field observations; water 
column concentrations of inorganic nutrients were significantly higher in sediment cores 
overlain by an algal layer over a 7 day period. In addition, inorganic nutrient concentrations 
increased with increasing height of the layer and ammonium concentrations increased with 
increasing density of the algal layer. 
Additional laboratory experiments tested the effect of an algal layer on sediment denitrification 
rates, and the composition and distribution of benthic microbial populations. Benthic nitrogen 
(N2) release rates were low irrespective of the presence of macroalgae and sediment types 
(less than 1 mmol N/m2/d). However, release rates were significantly higher in sediment cores 
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covered by algae than in comparable bare sediment cores, provided the algal layer was 
relatively high (5cm in height) and sediment organic content was high. The presence of an 
algal layer did not have a significant effect on the composition or distribution of microbes in 
the sediment. In all cases, microbial populations contained relatively few denitrifiers/nitrate 
reducers compared to nitrifiers and ammonifiers. High ammonium release rates from the 
sediment to the water column, and the low release rates of elemental nitrogen, suggested that 
even if the nitrate reducing bacteria were active they were not reducing nitrate to nitrogen, 
suggesting the possibility of Dissimilatory Nitrate Reduction to Ammonium (DNRA). 
Subsequent analysis confirmed that the nitrate reducers were reducing nitrate to nitrite, a 
result compatible with the hypothesis that the main microbial processes occurring were 
ammonification, nitrification, and DNRA, but not denitrification. These processes, regardless 
of the presence of a benthic algal layer, contribute to high ammonium flux rates from the 
sediment and provide a mechanism of internal inorganic nitrogen regeneration. 
In conclusion, this study has established that unattached macroalgal accumulations are a 
prominent component of the macroalgal community in the Swan-Canning Estuarine System. 
Accumulations may remain within an estuarine region for up to one month, particularly in 
regions of low water flow. In seasons and regions of relatively high water flows ( e.g. the 
Swan River), accumulations become highly transient, if present at all. At times, and in 
regions where they may persist, algal accumulations of 5cm or more in depth have an impact 
on benthic nutrient fluxes. In particular, their presence over sediments of high organic content 
appears to exacerbate the release of ammonium from the sediment to the overlying water 
column. Of note, the benthic process Dissimilatory Nitrate Reduction to Ammonium appears 
to dominate in summer while denitrification rates are minimal, regardless of the presence of a 
macroalgal layer. From these findings, it is recommended that high fluxes of ammonium in 
the system be recognised in water quality management and nutrient budgets for the system, 
as it appears that internal ammonium regeneration is a large source of inorganic nitrogen for 
organisms in the overlying water body, and may support algal blooms in summer. In addition, 
it appears that the most appropriate method of managing macroalgal distribution and biomass 
in the system is ensuring strong freshwater flushes during winter periods when macroalgal 
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biomass is largely removed. If seasonal flushes were inhibited, it is predicted that macroalgal 
biomass and distribution would increase, extending the period that they can influence benthic 
nutrient cycles. The physical removal of macroalgae as a management option in such a 
scenario would require much time and effort, as the Swan-Canning Estuarine System is such 
a large system, and macroalgae are spread throughout. Therefore, in modifying river flows 
into the estuarine system, the quantity, composition and distribution of macroalgae, and 
possibly other flora and fauna, will be altered. This is already evident in the Canning River, 
which is regulated and suffers management problems, such as altered species composition, 
bathymetric changes, toxic algal blooms, and eutrophication. 
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CHAPTER 1 :  
GENERAL INTRODUCTION 
1 .1 INTRODUCTION 
This thesis describes investigations into the role of unattached macroalgal accumulations in 
sediment-water nutrient cycles in the Swan-Canning Estuarine System, Western Australia. 
As part of the investigations, it was necessary to describe the macroalgal assemblages in the 
estuarine system and environmental factors that may influence the temporal and spatial 
variability of the assemblages. Firstly, the impacts of accumulations of the rhodophyte 
Graci/aria comosa (Withell, Millar and Kraft) on sediment-water nutrient release were 
measured, both in the laboratory and in the field. These measurements were made to test a 
model predicting how unattached macroalgae in soft-substrate environments could influence 
water sediment dissolved inorganic nitrogen (DIN) flux, denitrification, and other nutrient 
cycling processes. Secondly, the impacts of accumulations of the rhodophyte Graci/aria 
comosa (Withell, Millar and Kraft) on benthic microbial populations responsible for sediment­
water processes were also measured. 
Thus, the hypothesis of this thesis was, 
Macroalgae in the Swan-Canning Estuarine System neither directly 
nor indirectly affect sediment-water nutrient cycling. More specifically, they do not affect the 
distribution and composition of benthic microbial populations responsible for these nutrient 
cycles. 
To either prove or dispel this hypothesis, the following aims and objectives were established: 
• To document the seasonal distribution of attached and unatt ached macroalgae in the 
Swan-Canning Estuarine System, over a two year period. In addition, investigate 
relationships between spatial and temporal distribution of macroalgae with several 
physico-chemical parameters of the estuary. By achieving this aim, a knowledge of the 
macroalgae in  the system and thei r spatial and temporal distributions could be acquired, 
and also, elucidate the environmental parameters that i nfluence their distribution. 
• To document characteristics of unattached macroalgal accumulati ons within the Swan­
Canning Estuarine System, i ncluding height, density, and persistence of accumulations, 
seasonally for one year. Also, to couple this i nformation with manipulative experiments to 
understand how these ecological features influence algal -sediment interaction in the 
Swan-Canning Estuarine System. This aim was fundamental to the study, as all 
i nvestigations of macroalgal impacts on nutrient cycles were modeled on unattached 
macroalgal accumulations. 
• Finally, to i nvestigate the influence of accumulations on microbial populations i nvolved in 
benthic nitrogen cycles (organic nitrogen mineralisation, nitrification, denitrification, and 
ni trate reduction to ammonium). This was achieved by comparing microbial 
characteri stics of sediment covered by macroalgae with bare sediment, as well as 
manipulative experiments i n  which the influence of algae on deni trification was measured. 
In achieving these objectives, an understanding of seasonal macroalgal population dynamics 
wi thin the Swan-Canning Estuarine System could be obtained, describing spatial and 
temporal changes in  the macroalgal communities, and environmental parameters driving 
these changes. This was coupled with in situ and laboratory studies of the potential for 
accumulations to i nfluence benthic nutrient cycling. By combining both impacts, it was 
possible to advance our understanding of how unattached macroalgal accumulations 
i nfluenced benthic nutrient cycling at whole ecosystem scale. With this, management 
strategies for unattached macroalgae in  the Swan-Canning Estuarine System may be 
developed from an informed posi tion. 
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1 .2 NUTRIENT CYCLING 
Benthic phosphorus and nitrogen cycles are generally considered as being chemically and 
biologically mediated, respectively (Seitzinger, 1988). Both forms are affected by the redox 
state of the environment in which they occur. In reducing conditions, the reduction of ferric 
iron to ferrous can lead to the solubilisation of any ferric-bound phosphorus (Seitzinger, 
1988). Soluble phosphorus may then become available in the overlying water column, 
through advection or diffusion from the site of reduction. 
Nitrogen cycling is a complex series of transformations largely resulting from microbial 
activity, with relatively higher nitrogen cycling activiy occurring in the sediment than in the 
water column of most aquatic systems (Newell and Fallon, 1982). Typical microbially­
mediated components of the nitrogen cycle include ammonification, nitrification, 
denitrification, and dissimilatory nitrate reduction. The microbes responsible for these 
transformations may be obligate aerobes/anaerobes, or facultative, active in both aerobic and 
anaerobic conditions (Van Demark and Batzing, 1987). 
It is apparent even from this cursory account that the benthic cycling of nitrogen and 
phosphorus will be strongly influenced by the oxygen climate (and implicitly the redox 
potential), within the sediment. Consequently, organisms in or on the benthic environment, 
which introduce or deplete oxygen, will theoretically affect benthic nutrient cycles in that area. 
Most benthic organisms will consume oxygen, but primary producers can increase oxygen 
concentrations via photosynthesis or consume oxygen through respiration. In estuaries, 
algae are common benthic primary producers (both micro and macroalgae). Theoretically, 
the presence of benthic algae will affect benthic nutrient cycles. However, the magnitude and 
direction of effect are dependent on the activity of the algae present, and the timescales of 
their activity. It is this potential ability of macroalgae to influence benthic nutrient cycling that 
is the focus of this thesis. 
3 
1 .3 MACROALGAE, THEIR ENVIRONMENT AND ABILITY TO INFLUENCE NUTRIENT 
CYCLING 
Macroalgae are an obvious component of aquatic environments (Valiela, 1984). However, 
their presence in aquatic environments is affected by environmental variables such as salinity 
and the availability of substratum, light and nutrients. Unlike rooted macrophytes, macroalgae 
are attached to the substrate by a holdfast, or may be completely unattached. Consequently, 
they cannot acquire nutrients from the underlying substrate and rely instead on the 
surrounding water (Norton and Mathieson, 1983). Therefore, depending on growth 
requirements, some species of algae may be limited in their distribution by levels of nutrients 
in the water column. 
Macroalgae are also affected by light penetration, or light attenuation of a water column. If 
light attenuation is too great, primary productivity is compromised, and the plant is unable to 
survive in that environment (Lobban and Wynne, 1981). Light attenuation increases with 
increasing amounts of suspended particulates, dissolved substances such as gilvin, and 
depth. In seasonal estuarine environments, light attenuation changes dramatically with 
season, with low light attenuating waters in summer periods due to clear, marine water 
penetration, and high light attenuating waters in winter when turbid freshwater flows into the 
systems. 
Salinity is also an environmental parameter that is thought to strongly dictate spatial and 
temporal distribution, particularly in estuarine environments (Lobban and Wynne, 1981). 
Sudden changes in salinity will often kill macroalgal plants, as a result of internal cellular 
damage. It is for this reason that salinity is considered the primary ecological factor affecting 
macroalgal presence and distribution in estuarine environments (Hodgkin and Hesp, 1998). 
Some macroalgal species have broad osmoregularatory abilities. These euryhaline species 
are wel I adapted to estuarine environments and tolerate rapid and broad salinity changes. 
Most other species are confined either spatially or temporally to areas of more stable salinity. 
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Finally, estuaries are primarily soft-substratum environments, and as such, many attached 
macroalgal species have limited estuarine distribution due to the availability of hard 
substratum (Lobban and Wynne, 1981 ). It is perhaps for this reason that estuaries do not 
have the same diverse representation of algal species, as seen in nearby marine 
environments (Lobban and Wynne, 1981). 
1 .3.1 UNATTACHED MACROALGAE 
Unattached, or free-living, macroalgae are derived from attached populations (Chapman and 
Chapman, 1980), and commonly accumulate in calm waters such as embayments, estuaries, 
salt marshes, and submerged mud flats. While the distribution of unattached macroalgae is 
not restricted by the availability of substratum (Bell and Hall, 1997; Norton and Mathieson, 
1983), water movement becomes influential, affecting their capacity to colonise and persist 
(Norton and Mathieson, 1983). As a consequence, many unattached macroalgal 
assemblages are lost from estuarine environments during periods of freshwater flow as a 
result of water movement (Norton and Mathieson, 1983). 
It has also been observed that the morphology and reproductive ability of unattached algal 
species are altered compared to attached plants of the same species. For example, 
unattached algae often lack a holdfast or are tenuously attached to unstable forms of 
substrate, are smaller and more branched, have contorted thalli, and reproduction is generally 
vegetative (Norton and Mathieson, 1983). Unattached macroalgae exhibiting these 
characteristics are termed 'loose-lying' , and these groups are commonly represented by 
species of the genus Graci/aria (Norton and Mathieson, 1983). 
Unattached macroalgae, like attached macroalgae, are able to obtain nutrients for growth 
from the overlying water column. Recently, another source of nutrients has been suggested 
for unattached macroalgae in soft-sediment environments. It has been proposed that when 
unattached macroalgae accumulate to sufficient depth, plants at the bottom of the 
accumulation do not photosynthesise due to light deprivation, thereby altering the oxygen 
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climate at the sediment-water interface. This in turn affects aerobic and anaerobic microbial 
populations, and consequently the predominant nutrient remineralisation processes (Peckol 
and Rivers, 1996; Lavery and Mccomb, 1991; Sundback et al. , 1990; Sfriso et al. , 1987). 
Inorganic nutrients may be released from the sediment, providing an additional source of 
nutrients to the overlying macroalgal accumulation. The availability of this second nutrient 
source would greatly advantage unattached macroalgae in soft-sediment environments, such 
as estuaries, and the evidence presented in this thesis also supports the concept. However, 
the indirect impacts of macroalgal presence on benthic microbial communities and their 
subsequent nutrient-cycling activity are unknown. These impacts would be even more 
significant in systems with only seasonal freshwater nutrient inflows, as they would provide a 
mechanism for additional inorganic nutrient sources during seasons of little or no flows, and in 
which unattached benthic macroalgal accumulations are an obvious feature. 
This study has been structured around a conceptual model of how macroalgal accumulations 
could affect benthic nutrient cycling, developed from a synthesis of published information 
(Figure 1.1 ). Theoretically, the accumulations influence sediment-water nutrient cycling by 
maintaining an oxidising environment during daylight through photosynthetic activity. This 
allows the redox discontinuity layer to remain below the sediment surface, capping free 
reactive phosphorus release, and minimising ammonium accumulation and diffusive flux. At 
night, a lack of algal photosynthesis may cause the redox discontinuity layer to lie higher in 
the sediment profile, or even within the overlying macroalgal accumulation itself, potentially 
resulting in increased phosphorus and ammonium flux from the sediment to the water column. 
When accumulations are deep, little if any light will penetrate to the bottom of the 
accumulation, causing algal photosynthesis to stop during the day as well as night, resulting 
in a reducing environment at the underlying sediment surface over the entire 24 hour period. 
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FIGURE 1.1: The proposed macroalgal accumulation model, demonstrating macroalgal 
activity during daylight with associated benthic nutrient processes at this time (left); and 
macroalgal activity at night with co-occurring nutrient processes (right), was developed from 
the research presented in this thesis, and from the literature. 
However, additional factors need to be considered in the model. Influences arising from the 
nature of unattached macroalgal accumulations (i.e. their depth, density, persistence and so 
on), and the microorganisms involved in the relevant nutrient cycles, are not addressed in the 
literature. The height and density of unattached accumulations may alter the impacts of an 
accumulation on sediment-water nutrient fluxes through the influence on light attenuation and 
water flow through the accumulation. As an algal accumulation increases in height, so too 
does the proportion of the accumulation that is starved of light, and is not photosynthesising. 
As a consequence, the position of the redox layer will be higher in the sediment profile, 
potentially above the sediment surface and within the algal layer. In this case, there would be 
no oxic cap at the sediment surface allowing the release of free reactive phosphorus, and 
possibly other dissolved nutrients, into the water column from the sediment. Yet, it is 
unknown at what accumulation height this may occur, or if this height varies according to 
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additional environmental variables. Consideration should also be given to density, as the 
density of an accumulation may inhibit the advective flux of released inorganic nutrients from 
the sediment into the water column surrounding the algal layer. The persistence of 
unattached macroalgal accumulations over an area of sediment is not addressed in the 
literature, nor whether the model proposed above suggests that macroalgal accumulations 
could influence sediment-water nutrient release on a diurnal time-scale, or longer. However, 
if the time-scale were greater than the time-scale of persistence of an accumulation in an 
area, then the consideration of macroalgal impacts on benthic nutrient cycles would be 
irrelevant. Consequently, measurements of the persistence times of unattached macroalgal 
accumulations in various estuarine regions are required for the model to be relevant. Finally, 
very little consideration has been given in the literature to the impacts of unattached 
macroalgal accumulations on microbial populations of the sediment, in particular, those 
responsible for benthic nitrogen cycling. Essentially, if accumulations affect the composition 
or distribution of microbial populations in the sediment, relevant nutrient cycles will also be 
effected. By understanding impacts of accumulations on microbial populations, impacts on 
sediment-water nutrient fluxes may be more fully explained and attributed for. Consequently, 
this study addressed the considerations of unattached macroa lgal ecology, and the benthic 
microbial population involved in sediment-water nitrogen cycles, and in doing so has 
contributed the following knowledge to the field of benthic nutrient cycling and macroalgal 
estuarine ecology. 
1 .4 STRUCTURE OF THIS THESIS 
The thesis is composed of six chapters. 
Chapter 2 describes the Swan-Canning Estuarine System, including an historical account of 
the estuary since European settlement in 1827. It describes the modifications to, and use of, 
the system since settlement, and how these activities may have altered the ecology. 
In chapter 3, the spatial and temporal differences in macroalgal assemblages are described 
for each season between August, 1995 and May, 1997. This includes floristics, biomass, and 
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areal coverage, for eight sampling occasions in the study area. In addition, physico-chemical 
data collected concurrently with macroalgal surveys are presented. Multivariate and 
univariate analyses were used to identify patterns in the assemblages, to describe seasonal 
differences and to relate these to environmental variables. 
Chapter 4 presents the results of laboratory experiments on the impacts of benthic macroalgal 
accumulations on sediment-water nutrient flux of inorganic nitrogen and phosphorus. More 
specifically, the impacts of the depth and density of macroalgal accumulations on sediment­
water nutrient exchange were explored. 
Chapter 5 is a slightly modified version of a paper presented at the 1998 Estuarine and 
Coastal Sciences Association Symposium, in Port Elizabeth, South Africa, and at the 1998 
Swan River Conference, York, Western Australia. The manuscript has been accepted by the 
journal Hydrological Processes. The chapter reports on seasonal and diel studies of 
unattached macroalgal accumulations, in situ, and compliments the in vitro studies described 
in Chapter 4. It includes measurements of water quality inside and outside macroalgal 
accumulations, diurnally and seasonally. It also presents data on the depth, biomass, 
density, and persistence of macroalgal accumulations. 
Finally, further laboratory experiments were conducted to determine if the presence of 
macroalgal accumulations affected sediment denitrification rates and microbial biota involved 
in other nitrogen cycling pathways in sediments. 
Chapter 7 is the General Discussion, and synthesises the major findings and conclusions of 
these studies. Implications of the findings are discussed, and management recommendations 
are suggested. 
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CHAPTER 2: 
STUDY SITE DESCRIPTION 
2.1 INTRODUCTION 
The Swan-Canning Estuarine System is a shallow, South-Western Australian estuary (at 
32°S, 115°50'E), and meets the Indian Ocean via a narrow inlet channel at Fremantle 
Harbour, extending approximately 60km upestuary (see Figure 2.1 ). Perth city and suburban 
and industrial development occupy a large proportion of the estuary's banks (Hodgkin, 1987). 
Two rivers contribute to the Swan-Canning Estuarine System - the Swan-Avon River to the 
east, and the Canning River to the south, with catchment areas of approximately 119 000km2 
and 20 000km2, respectively (Thurlow et al. , 1986). The system has elevated nitrogen and 
phosphorus levels from the surrounding catchments, resulting in increased primary 
production, particularly in the Swan River (Gerritse et al. , 1998; Jack, 1987). Primary 
production in the Swan-Canning Estuarine System is generally nitrogen-limited (Thompson 
and Hosja, 1996). Over ten years ago, the Swan-Canning Estuarine System was considered 
meso-eutrophic, and eutro-polytrophic in winter due to nutrient loading of freshwater input 
(Thurlow et al. , 1986). A comprehensive description of the system has been compiled to 
allow the reader to place the findings of this research in context. 
2.2 HISTORICAL PERSPECTIVE 
In 1827, Governor Stirling explored and described the Swan River as far as Ellen Brook, over 
55km upstream of the estuary mouth. A colony was established and immediately dredging 
and riverbank modifications were undertaken, for settlement and acquisition of building 
materials. In the 1860s, dredging of the Canning River began, and was maintained by 
convicts until 1869, and then by a dredge vessel. Dredging of the Canning was necessary, as 
this was the main passage for the transport of jarrah (Eucalyptus marginata) harvested from 
within the catchment. The timber industry in the catchment ceased at the end of the 1800s, 
as did dredging of the Canning (Riggert, 1978). 
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At the end of the last century, major modifications to the estuary mouth were made. 
Originally, a solid limestone bar traversed the estuary mouth, backed by a narrow 2m deep 
channel running across a delta (Hodgkin and Hesp, 1998). At this stage, wool, timber, and 
sandalwood were being exported from the colony (Riggert, 1978). However, the absence of 
safe anchorage was impeding the gro wth of shipping activity. Between 1892 and 1897, the 
limestone bar at the mouth of the estuary was removed, a 13m deep channel was constructed 
running 130m upstream, and a harbour was created (Hodgkin and Hesp, 1998). 
Early construction of the harbour and channel resulted in the Swan-Canning Estuarine 
System being made permanently open, when once it was a seasonally opened estuary. 
These activities also increased tidal exchange with the ocean, by up to 60% (Hodgkin and 
Hesp, 1998). This has resulted in the seasonal marine intrusion penetrating more than 50km 
upstream by the end of summer (Hodgkin and Hesp, 1998). The full extent of ecological 
changes associated with this management is unknown. 
In the 1930s commencement of river training began on the Canning River, during which a 
Weir was put in place (Riggert, 1978). The weir prevents penetration of marine water in the 
upper reaches of the Canning River, and freshwater from the catchment only enters the lower 
Canning River and estuary during winter, when the weir is temporarily opened. In 1958, river 
training of the Avon River (far upper reaches of the Swan River) commenced. River training 
was a preventative measure for seasonal flooding of towns along the River. The Avon River 
was a braided river, with vegetated sandbars along its length. River training involved 
removing the sandbars across the estimated potential width of the river, enabling floodwaters 
to be contained. This action has caused large amounts of silt to be mobilised, which have 
filled in deep pools along the length of the river (Riggert, 1978). The pools have recently 
been recognised as extremely important for riverine organisms, as summer refugia for flora 
and fauna (Riggert, 1978). Prevention of further infilling of river pools by mobilised silt is a 
current management issue in the Avon River. 
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FIGURE 2.1 :  The Swan-Canning Estuarine System, Perth, Western Australia. 
2.3 CURRENT SITUATION 
In the early 1 990s, indications of environmental stress were becoming evident in the Swan­
Canning Estuarine System; symptoms included increased frequency of algal blooms, fish 
ki lls, and the appearance of toxic cyanobacterial blooms (Swan River Trust, 1 998). The 
source of these problems was considered to be increased nutrient loads of phosphor us and 
nitrogen in the system, largely from non-point sources within the catchments. These 
problems led to the development of the Swan-Canning Cleanup Program (SCCP), initiated by 
the Western Australian Government in 1994. The program was to run for 5 years, with the 
objective of determining mitigative measures for the environmental degradation already 
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apparent in the Swan-Canning Estuarine System, and to develop an effective management 
program. The Swan River Trust was chiefly responsible for the program, however, many 
projects undertaken by state and local governments, university research groups, and other 
business and community groups made significant contributions (Swan River Trust, 1998). 
2.4 PHYSICAL AND CHEMICAL DESCRIPTION 
The estuary is a drowned valley estuary, which runs perpendicular to the coast, and receives 
freshwater flow from two tributaries (Hodgkin and Hesp, 1998). The estuary is considered a 
salt-wedge estuary (Hodgkin and Hesp, 1998; Biggs and Cronin, 1981), in which the 
hydrology is dominated by river flow, with little tidal influence. 
2.4. 1 BATHYMETRY 
The depth of the Swan-Canning Estuarine System at Fremantle harbour, the estuary mouth, 
is approximately 13m (Hodgkin and Hesp, 1998). Upstream of the harbour, a 5m deep, 
narrow channel leads into the deep (20 - 25m) waters of Blackwall Reach (Spencer, 1956). 
A ' sill' is formed in Blackwall Reach where the estuarine basin meets the channel dredged to 
5m (Spencer, 1956). Melville Water, or the Swan-Canning Basin, is a broad expanse of 
water, with depths up to 15m immediately upstream of Blackwall Reach. Extensive sand flats 
and protruding sand spits exist around the periphery of this section of the estuary (Spencer, 
1956). The Canning River enters Melville Water from the south, ard is shallow and broad 
through to the weir, with a narrow, dredged channel in place for shipping activity. The 
Canning River may reach 10m in places, but is generally less than 5m, with many shallow, 
sandy embayments. Perth Water enters Melville Water fiom the north, and is a basin of 
generally 5 - 10m in depth with shallow waters over sand flats. The Swan River is upstream 
of Perth Water and differs from the Canning River, in that it has steep banks with few shallow, 
flat areas, and is generally 2-3m deep throughout. Some deeper sections in the river (5-6m) 
are remnants from dredging associated with silica mining (Kurup et al. , 1998; Stephens and 
lmberger, 1996). 
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2.4.2 GEOLOGY OF CATCHMENT 
The Swan-Canning Estuarine System is situated on the Swan Coastal Plain, which is 
approximately 25km wide, and backed by the Darling Scarp. It is estimated that the Swan 
Coastal Plain formed over the last 2 million years, and the geology is a culmination of 
deposits from weathering of the Darling Scarp, composed of granite and gneiss, and from 
lake, river, and estuarine deposits. In addition, dune systems and ancient limestone reef 
systems influence the geology of the coastal margin of the Swan Coastal Plain (Riggert, 
1 978). 
There are two catchments from which the Swan-Canning Estuarine System receives water; 
the Avon and Swan Coastal Catchments (Thurlow et al. , 1 986). The Avon Catchment is 
approximately 1 19 000km2 in size, and encompasses the Darling Scarp, and broad 
agricultural lands behind the scarp. It is the gradient of the scarp which catchment waters 
flow down that creates the large winter flushes in the Swan -Canning Estuarine System. The 
Swan Coastal Catchment is smaller, approximately 20 000km2 in size, comprised of mostly 
Scarp streams and hobby farms (Thurlow et al., 1 986). 
2.4.3 SEDIMENTS 
Due to activities such as dredging, foreshore reclamation, and extraction of sediments for 
construction, sediment profiles have been largely disturbed throughout the estuarine system 
(Riggert, 1 978). Consequently, the sediment description provided is a brief summary of 
regional sediment types. 
In the upper reaches of the Swan River, sediments are coarse and mainly quartz sand 
(Thurlow et al. , 1 986). Further downstream to where the river meets Perth Water, the 
sediment is dark, grey mud. From the Canning River Weir downstream, across the estuarine 
basin into Perth water, sediments are shallow mud and extensive sand flats. In the deeper 
regions of the basin, and in Blackwall Reach Channel, the sediments are fine, da rk grey 
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muds. In Freshwater Bay of the lower estuary, coarse shell beds are found. Finally, marine 
sediments are found along the channel near the estuary mouth (Thurlow et al. , 1986). 
2.4.4 STRATIFICATION - SALINITY, DISSOLVED OXGYEN, & NUTRIENTS 
Vertical stratification within the Swan-Canning Estuarine System is a cyclical event, which can 
be broken into two periods - summer/autumn and winter/spring (Stephens and lmberger, 
1996; Spencer, 1956). During the summer/autumn period, the system has a large marine 
influence, often extending 50km upstream, and the estuary is essentially an arm of the sea. 
There is relatively little vertical stratification, if any. In addition, only a weak thermocline 
develops within the water column, suggesting mixing between surface and subsurface waters 
(Stephens and lmberger, 1996). This mixing has been attributed to the influence of a strong, 
onshore, South-Westerly sea breeze, which blows from midday to early evening in summer 
(Spencer, 1956). Vertical mixing maintains well-oxygenated waters throughout most of the 
estuary. Deoxygenation may occur during this part of the year in riverine waters, notably after 
the collapse of phytoplankton blooms, which result in decomposition and increased biological 
oxygen demand in the region. Associated with the marine influence during summer is nitrate 
and phosphate-poor water through the entire water column (Kurup et al. , 1998; Spencer, 
1956). In the winter/spring period, freshwater input from riverine sources forms a layer across 
now subsurface, nutrient deficient, marine waters, forming a halocline (Stephens and 
lmberger, 1996). Surface freshwater is rich in nitrate and phosphorus. Subsurface marine 
waters become depleted of oxygen, due to a lack of mixing between surface and bottom 
waters, and depending on the depth of surface waters, bottom waters may become 
completely hypoxic, sometimes anoxic, resulting in a release of inorganic phosphorus from 
the sediments (Kurup et al., 1998; Spencer, 1956). In years of heavy winter precipitation 
events, large fish kills have resulted from deoxygenated bottom waters. As winter rains 
abate, the surface freshwater layer dissipates, and marine waters begin to intrude further 
upstream and occupy the whole water column (Kurup et al. , 1998; Spencer, 1956). 
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2.4.5 MIXING PROCESSES & HYDROLOGY 
The Swan-Canning Estuarine System experiences diurnal microtides of approximately 1m, or 
less (Hodgkin and Hesp, 1998). Such a small tidal influence permits strong vertical 
stratification, as described above (Kurup et al. , 1998; Rochford, 1951). Processes other than 
tidal mixing result in some mixing of the water column, although these are not strong. Firstly, 
vertical stratification may be disrupted in shallower regions of the estuary as a result of wind 
energy inputs across regions of the estuary with large fetches. Secondly, the flow of surface 
freshwaters downstream, across bottom marine waters slowly intruding upstream, creates 
entrainment and mixing between the two water bodies. Thirdly, when freshwater flow occurs 
as a large pulse, bottom marine waters are forced downstream, and a seasonal benthic 
scouring event takes place (Kurup et al., 1998; Rochford, 1951). 
The volume of freshwater inflow is considered to be the main factor determining the hydrology 
of the Swan-Canning Estuarine System, since tidal influence is so minimal (Thurlow et al. , 
1986; Riggert, 1978). Consequently, relatively large hydrological changes occur seasonally in 
this system (Stephens and lmberger, 1996). 
2.4.6 LIGHT ATTENUATION 
Light attenuation is maximal during winter months, and minimal in summer months 
(Thompson and Hosja, 1996). High light attenuation in winter is primarily the result of 
freshwater input, which introduces tannin-stained and turbid water. In contrast , light 
attenuation is least in summer due to the intrusion of relatively clear marine water some 50km 
upstream. 
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2.5 FLORAL DESCRIPTION 
2.5. 1 Microflora 
Microflora includes phytoplankton and the microphytobenthos. Hundreds of phytoplankton 
species have been recorded in the Swan-Canning Estuarine System, with assemblages 
dominated by diatoms (Thurlow et al. , 1 986). There is a seasonal progression of 
phytoplankton in the system - in winter, diatoms dominate, in spring, phytoflagellates 
dominate, and in summer there is a combination of these groups (Thurlow et al., 1 986). 
Recently, toxic cyanobacterial blooms have been observed in the Swan River during late 
summer, with the first bloom recorded in 1 994 (Thompson and Hosja, 1 996). The 
microphytobenthos is also dominated by diatoms being episammic, epipelic, or periphytic in 
habit, dominated by genera such as Navicula and Nitzchia (Thurlow et al. , 1 986). 
2.5.2 Macroflora 
Halophila ova/is is the dominant seagrass species in the Swan-Canning Estuarine System, 
found from near the mouth of the estuary to approximately 20km upstream, and covering 
approximately 20% of the estuarine basin (Hillman et al., 1 995). A survey conducted by 
Allender (1 981 ) in 1 968 identified 29 species of macroalgae, distributed wi dely throughout the 
estuarine system, and the additional seagrass species Zostera mucronata. Z. muel/eri had a 
limited distribution, found only within the first 5km of the estuary mouth. Thurlow et al. (1 986) 
documented over 49 species of macroalgae from the Swan-Canning Estuarine System. The 
unattached rhodophyte Graci/aria comosa was noted as being widespread throughout the 
estuary. Evidently, macrophytes are a prominent component of the Swan-Canning Estuarine 
System flora. 
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2.6 SIGNIFICANCE OF THB STUDY TO THE SWANCANNING ESTUARINE SYSTEM 
As described above, one of the dominant physical processes in the Swan-Canning Estuarine 
System is freshwater inflow, resulting in a strongly seasonal hydrological regime. Like other 
microtidal estuaries, the limited mixing characteristics creates improved light penetration and 
longer residence times of pollutants, such as nutrients, improving the potential for poor water 
quality developing. In turn, this improves growth conditions for both pelagic and benthic 
primary producers (Kurup et al. , 1998). Recently, the appearance of phytoplankton blooms in 
the Swan-Canning Estuarine System suggested that nutrient loading to the system, from 
either allochthonous or autochthonous sources, has become excessive (Stephens and 
lmberger, 1996). 
As a consequence of increased nutrient loading to the system, several collaborative projects 
were proposed to investigate sediment-water nutrient dynamics, and the impacts of inherent 
flora and fauna on nutrient cycling processes. From this, an action plan addressing 
allochthonous and autochthonous sources was to be drafted, with the purpose of proposing 
management actions for catchment activities and the Swan-Canning Estuarine System. This 
project considered the ecology of benthic macroalgae in the Swan-Canning Estuarine 
System, and how their ecology affected nutrient cycling processes. 
Both the hydrological regimes and the current management issues experienced by the Swan ­
Canning Estuarine System make it a model estuary for comparison with many other systems, 
both locally, and internationally. Many estuaries of South-Western Australia and South­
Eastern Africa are microtidal with similar mixing attributes. In addition, the Swan-Canning 
Estuarine System is permanently open to the ocean, as are many estuaries of the world. 
Finally, the current management issues in the system are the result of increased nutrient 
inputs to the estuary. This is a management concern being experienced worldwide. 
Consequently, the Swan-Canning Estuarine System presents itself as an ideal location of 
study, and enables the results of this research to be applied to a number of other estuaries, 
both nationally and internationally. 
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CHAPTER 3:  
BENTHIC MACROALGAL ASSEMBLAGES IN THE SWANCANNING 
ESTUARINE SYSTEM, WESTERN AUSTRALIA 
3.1 INTRODUCTION 
There i s  extensive li terature describing the effects of physical and chemical estuarine 
characteristics on macrophyte assemblages, though li ttle of this documents the i mpacts of 
these factors on populations in south-western Australian estuaries (Phillips and Lavery, 1997; 
Lavery et. al. , 1991; Allender, 1981). A critical factor i s  the temporal change in  water quality 
accompanying riverine inflows. For example, an i ncrease in inorganic nutrient loadings to 
estuaries is often accompanied by an increase in  opportunistic macroalgae (Kinney and 
Roman, 1998; Lavery and Mccomb, 1991 b; Sfriso et al. , 1987). lrradiance and day-length 
are considered important factors controlling seasonal changes in algal abundance and 
productivity (Peckol and Rivers, 1995; Fong and Zedler, 1993), as are salinity and 
temperature (Bell and Hall, 1997). Freshwater inflow to estuarine systems affects salinity 
condi tions, making river flow an addi tional factor controlling the presence and distribution of 
estuarine macrophytes (Adams et al. , 1992). In addi tion to altering salinity, freshwater i nflow 
affects the hydrodynamics of an estuary and may be significant i n  determining the presence 
and accumulation of unattached macroalgae, often a common feature of estuaries (Bell and 
Hall, 1997). 
In contrast to the majority of south-eastern Australian and northern hemisphere estuaries, 
many south-western Australian estuaries are either 'blind' (or ephemeral), with no recorded 
openings to the ocean, or only open to the ocean periodically (Hodgkin and Hesp, 1998; 
Hodgkin and Lenanton, 1981). Where permanently open, south -western Australian estuaries 
have very small tidal influence� generally less than one metre, creating a seasonal, salt­
wedge hydrological regime (Hodgkin and Hesp, 1998; Biggs and Cronin, 1981 ). The Swan -
Canning Estuarine System of south-western Australia i s  typical of this condi tion (Hodgkin and 
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Hesp, 1998). These estuaries may have characteristics more typical of rivers in winter, or 
marine inlets in summer-autumn, depending on precipitation and freshwater input (Hodgkin 
and Hesp, 1998; Ibanez et al. , 1997; Largier et al. , 1997). This provides extreme seasonality 
in physico-chemical conditions, resulting from seasonality of freshwater inflows, a factor long 
considered important in influencing composition and distribution of estuarine macroalgal 
populations (Phillips and Lavery, 1997; Adams et al. , 1992; Wilkinson et al. , 1976). 
Macroalgae are a conspicuous biological component of the Swan -Canning Estuarine System. 
Allender (1981) recorded 29 species of macroalgae in the estuary during the summer of 
1968, and categorised the species into at least four major assemblages, confined to regions 
of the estuary with different mean salinity regimes. Many of the species present were typical 
of eutrophic estuaries and have been recorded in the estuary since at least the 1970s 
(Allender, 1981). However, Allender's (1981) and subsequent studies, did not consider the 
impacts of physico-chemical factors on unattached macroalgal populations, particularly 
freshwater inflow. Such information will provide further knowledge of macroalgal seasonality 
and ecology in estuarine systems. 
Consequently, the aim of this study was to survey the contemporary populations of attached 
and unattached macroalgae of the Swan -Canning Estuarine System, both quantitatively and 
qualitatively, and to make concurrent measurements of physico-chemical factors that are 
considered to affect estuarine macroalgal populations, in particular freshwater inflow. 
Surveys were conducted seasonally over a two year period, with the objective of 
distinguishing both seasonal and interannual changes occurring in the m acroalgal 
communities. Both floristic and physico-chemical data sets were used to investigate 
relationships between changes in macroalgal populations, and changes in several 
environmental parameters, using multivariate statistical analyses. 
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3.2 MATERIALS AND METHODS 
The data presented in this chapter are a combination of those supplied by the Western 
Australian Water and Rivers Commission, the Bureau of Meteorology, and data collected 
within this study. Consequently, the time frames and sites from which the physico-chemical 
data were collected vary. Riverflow and rainfall were collected daily at individual collection 
sites (courtesy of the Bureau of Meteorology). Salinity, temperature, dissolved oxygen, and 
inorganic nutrients were collected weekly at 9 sites (courtesy of the Swan River Trust, 
Western Australian Water and Rivers Commission). These data have been presented to 
demonstrate the physico-chemical conditions macroalgae would have experienced during the 
month prior to sampling. Physico-chemical data collected concurrently with floristics surveys 
have been used in multivariate analyses, to allow more intensive investigations of the 
floristics data than Water and Rivers data would permit. 
3.2.1 F/oristics 
Benthic macroalgal communities were sampled every three months at 28 sampling points, 
within an area of approximately 50m2 at each point (Figure 3.1 ). All sites were selected to 
coincide with those used in previous studies, by Allender (1 981 ) and Murdoch University 
(1 990 to present) (unpublished), allowing historical comparisons. Sampling spanned August 
1 995, to May 1 997. Attached macroalgae were sampled using a 0.25m 2 quadrat, within 
which all macroalgae were removed by hand. Unattached macroalgae were sampled using a 
9.5cm (i.d.) perspex corer, and then separated from the sediment using a 2mm sieve. Five 
replicate samples were taken at each site, ten where both attached and unattached 
macroalgae were present, stored on ice, then processed in the laboratory. Plants were 
sorted, identified, then dried to a constant dry weight at 70 - 80°C. Mean biomass values 
are expressed as g dry weight/m2. Dried samples were then analysed for tissue total 
nitrogen and total phosphorus concentrations (expressed as mg/g). 2 - 1 0mg of dried tissue 
was required for total nitrogen analysis, using a Europa ANCA/GSL 20-20 Mass 
Spectrophotometer. 20mg of dried tissue was required for total phosphorus analysis using 
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perchloric acid digestion (APHA, 1992), and automated ascorbic acid method for 
measurement of orthophosphate using a Skalar Autoanalyser (APHA, 1992). Mean tissue 
nutrient concentrations represent multiple plants collected in the relevant estuarine region. 
From November, 1996 to May, 1997, percentage cover of macroalgae in the sampling area 
(approximately 50mradius) was estimated by sight, and mean percentage cover values 
represent multiple sites within the estuarine region indicated. 
3.2.2 Physico-Chemical Regimes 
Salinity (ppt), dissolved oxygen (mg/L), and temperature {°C), were measured at one metre 
intervals through the water column, using a Yeo-kal Intelligent Water Quality Analyser model 
611, at floristics sites. Secchi Disc Depth (SOD) was recorded at each site as a percentage 
of the water column, as described by Kirk (1983). To compensate for variations in water 
depth at sites due to tides, water movement, bathymetry, etc, SOD was always measured in 
0.5 to 1 m of water at all sites, on all occasions. Additional water quality and hydrological 
data were provided by the Swan River Trust, Western Australian Water and Rivers 
Commission, and the Bureau of Meteorology; these comprised rainfall, temperature, 
dissolved oxygen, salinity, inorganic nitrogen and phosphorus, and water flow data. 
Presented means for these parameters are for the 5 weeks prior to macroalgal sampling to 
demonstrate the physico-chemical conditions macroalgae would have experienced during the 
month prior to sampling. Riverflow is presented as monthly means, and rainfall as 
cumulative monthly rainfall. Temperature, dissolved oxygen, and salinity data were collected 
using a Hydrolab Datasonde 3 and 4. Inorganic nitrogen and phosphorus measurements 
were determined by the Australian Environmental Laboratories using the automated phenate 
method for ammonium, the automated cadmium reduction method for nitrite and nitrate, and 
the automated ascorbic acid method for phosphate (APHA, 1992). Rainfall was measured 
every 24 hours to 9am; and water flow was measured continuously at an automated gauging 
station. 
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FIGURE 3.1: Location of sampling sites used for seasonal floristic surveys in the Swan­
Canning Estuarine System. Substrate type, hard (•) and/or soft ( ), at sites is also 
indicated. 
3.2.3 Data Analysis 
The programme Statistica™ (1995) was used to classify and ordinate sampling sites 
according to floristic and physico-chemical data, in preliminary analyses. Sites were 
classified by Cluster analysis using floristic data (including biomass), for each of the sampling 
occasions. Cluster analysis allows the data to be 'hierarchically organised' into meaningful 
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structures, based on similarities within the data (Clarke and Warwick, 1994). Similarities and 
structures are represented schematically as a dendogram. This method of multivariate 
analysis is particularly useful when distinct groupings within the data are expected to divide, 
due to strong, uncontinuous influencing factors (Clarke and Warwick, 1994). Multi 
Dimensional Scaling (MOS) was used to ordinate sites by seasons for each of the two 
sampling years, using floristics data and physico-chemical data. MOS places data points on 
a 2-dimensional map, according to the similarity/dissimilarity of points to one another, i.e. if 
two points are very similar they will be mapped close together, if dissimilar they will be 
mapped far apart (Clarke and Warwick, 1994). A measure of stress is provided with the 
map, advising of the 'match' between the pictorial depiction and the actual rank order of the 
corresponding similarities/dissimilarities. This form of multivariate analysis is particularly 
useful when factors influencing the data are more continuous in their effect (Clarke and 
Warwick, 1994). By analysing the sampling years individually, it was anticipated that this 
would aid in highlighting intra-annual variability caused by seasonal changes. It should be 
noted that physico-chemical data used in the MOS analyses was normalised prior to 
analyses. In standardising the data, bias caused by incorporating several units of 
measurement (e.g. salinity and dissolved oxygen) would be removed. Multivariate analyses 
were conducted as preliminary investigations to help elucidate patterns between sampling 
areas and seasons as a result of observed floristic and physico-chemical characteristics. 
Further analyses using ANOVAs were then used to help explain the basis of any patterns that 
were revealed. 
It should be noted that quantitative biomass data for all sampling areas, on all occasions, 
was inverted so as to retain real zero values in the analyses (i.e. zeros equal one, and large 
numbers near zero). This was done as difficulties were experienced with data sets 
containing large numbers of zeros, particularly in the PRIMER package (Plymouth Routines 
In Multivariate Ecological Research; Plymouth Marine Laboratory, United Kingdom). 
The procedure BIOENV was used to investigate similarities in patterns of biotic and 
environmental data (Clarke and Warwick, 1994), and is a function of the program PRIMER. 
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The procedure uses similarity matrices of both environmental and biotic data, and applies the 
best match(es) of environmental variables to patterns in the biotic similarity matrix. The 
level of 'fit' of one or more environmental variables to biotic patterns is described as a 
correlation coefficient term. In this study, BIOENV was used to investigate the relationships 
between the physico-chemical parameters of salinity, temperature, dissolved oxygen and 
secchi disk depth, and variability within the floristics data. A Weighted Spearman or 
Harmonic Rank correlation was used during the procedure. Consequently, results are 
provided as a p value, within the range of -1 and 1. Values close to zero indicate the 
absence of any match between patterns of the two data sets, negative values wher e the data 
sets are in opposition to one another, and positive where the data sets are in agreement with 
one another. 
PRIMER was also used to conduct Analyses of Similarity (ANOSIM). ANOSIM is a non­
parametric, multivariate test that allows the investiga:or to test for similarities within and 
between sites directly from ranked data in the form of a similarity matrix, rather than from a 
data set (Clarke and Warwick, 1994). ANOSIMs were used to investigate differences in 
environmental and floristics data, separately, between different seasons of one year (e.g. 
summer, autumn, winter, spring), and like seasons of different years (e.g. summer of 1996 
and summer of 1997). In doing this, inter- and intra-annual seasonal changes could be 
investigated. The design of ANOSIM is analogous to an ANOVA, however the test is 
multivariate. All ANOSIMs were run with 5000 permutations, and results are provided as 
Global R (range -1 to 1) and significance levels (as a percentage). 
Analyses of Variance were performed using Statistica™ on data for the dependent variables 
salinity, temperature, dissolved oxygen, secchi disk depth, species richness, biomass, 
percent cover, and tissue nutrient concentration, with independent variables site, season, and 
where relevant, water depth and algal growth type (attached versus unattached). Two data 
sets for physico-chemical parameters were available for analyses. The first was weekly data 
collected at nine sites within the Swan-Canning Estuarine system, courtesy of the Western 
Australian Water and Rivers Commission. Also, physico-chemical data were collected 
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concurrently with macroalgal sampling, at all floristics sites, every three months as part of 
this study. These analyses were conducted to investigate if the measured dependent 
variables showed significant spatial variation within the Swan-Canning Estuarine System, or 
over time. All data were tested for normality and homogeneity of variance prior to analyses. 
Data not normally distributed or with homogeneity of variances were log-transformed prior to 
analyses. 
3.3 RESULTS 
3.3.1 Physico-Chemical Profiles 
As detailed above, the 28 sites sampled showed clear seasonal patterns in terms of their 
physico-chemical characteristics. The Swan-Canning Estuarine System is a highly seasonal 
estuary, mainly the result of large freshwater pulses driven through the system during winter. 
With the onset and dissipation of the freshwater flows, the estuary's physico-chemical 
environment changes accordingly. Temporal and spatial changes in salinity, temperature, 
dissolved oxygen, SOD, and dissolved inorganic nutrient concentrations are significant, as 
are the interaction values for the factors season and estuarine region (excepting SOD which 
did not have a significant interaction value) (Table 3. 1). 
Winter 
With the majority of freshwater inputs received during winter, it is not unexpected that the 
highest river flow rates were recorded during this season (Figure 3.2). In July 1995, 276mm 
of rain were recorded with a corresponding mean monthly river flow rate of 112m3/s. 
Similarly, in June and July of 1996, over 200mm of rain was recorded in both months, with 
mean river flows for the month of July averaging over 100m3/s. Associated with these 
relatively high mean monthly flow values are high regrees of variability, indicating pulsing 
flows rather than flows of a consistent rate through the system. The mean salinity at this 
time was less than 5 ppt in surface waters throughout the estuary, with little variation 
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between sites (Figure 3.3a and e) . Bottom waters were essentially marine in the first o to 
10km of the estuary, with mean salinities over 32ppt, also with little variation between sites. 
Such extreme stratification was not present throughout the whole estuary at this time, with 
mean bottom salinities decreasing with distance upstream and becoming isohaline by about 
15-25km from the mouth. 
Mean water temperatures were 13 °C in surface and bottom waters throughout the estuary, 
with mean bottom water temperatures slightly higher in the lower reaches (0 to15km), 
between 14 and 15°C (Figure 3.4 a-h). Mean SOD was between 55 and 70% of the water 
column in the lower reaches (0 to 25km) (Figure 3.5a-h). In the upper reaches (25 to 55km), 
the mean SDD decreased to between 35 and 45% of the water column. Mean dissolved 
oxygen concentrations in surface and bottom waters were consistently 8 to 9mg/L throughout 
the estuary (Figure 3.6a-h), with the exception of the lower reaches (0 to 15km) where mean 
concentrations in the bottom waters were less tha n  4mg/L. Depressed dissolved oxygen 
concentrations were generally associated with bottom, marine waters, and higher 
concentrations with surface, fresh waters. Mean nitrate concentrations in surface waters 
were approximately 0. 7 to 1.3mg/L throughout the estuary (Figure 3. 7a-h). In bottom waters, 
mean nitrate concentrations were between 0.06 and 0.15mg/L in the lower reaches (0 to 
15km), and between 0.5 to 1mg/L in the middle and upper reaches (15km to 55km). Mean 
ammonium concentrations in surface waters were between 0.1 and 0.15mg/L throughout the 
estuary (Figure 3.8a-h). In the bottom waters, mean ammonium concentrations were highest 
in the lower and middle reaches (0 to 35km), between 0.15 and 0.25mg/L, while 0.1 to 
0.15mg/L in the upper reaches (35 to 55km). Mean phosphate concentrations were 0.04 to 
0.05mg/L throughout the estuary, although bottom waters in the lower reaches (0 to 10km) 
were slightly lower (0.02 to 0.03mg/L) (Figure 3.9a-h). 
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Spring 
With rains and freshwater input to the system relenting, a gradual transition occurs in the 
estuary's physico-chemical environment. Mean bottom water salinities were 31-32ppt within 
the first 10km of the estuary as in winter. However, mean surface water salinity increased to 
between 15 and 20ppt. Sal inity intrusion was evident in both bottom and surface waters 
some 10 to 15km upstream of the mouth. Further upstream, mean salinities in surface and 
bottom waters remained at 5ppt or less. Mean surface water temperatures had increased 
from 13°C to 20°C in the lower reaches (0 to 15km) and to 23°C in regions upstream (15 to 
55km). Mean bottom water temperatures were consistently 2°C lower than surface waters at 
this time. Mean SDDs were 45 to 55% of the water column throughout the estuarine system, 
excepting the first 10km of the estuary, and in the Canning River, where they were 80 to 
100% of the water column. The Canning River has a weir in place limiting freshwater flows 
and therefore the input of coloured and turbid waters. In contrast, mean Secchi Disk Depths 
(SDDs) in upstream regions of the Swan River, which has no weir in place, were only 40-60% 
of water column depth. Mean bottom water dissolved oxygen concentrations were between 
0.3 and 4mg/L in lower estuarine reaches (0 to 25km) and 4 to 6mg/L in middle and upper 
estuarine reaches (25 to 55km). Mean surface dissolved oxygen concentrations were 7 to 
8mg/L throughout the estuary. Mean nitrate concentrations in surface and bottom waters did 
not exceed 0.15mg/L. Mean ammonium concentrations in surface and bottom waters were 
between 0.01 and 0.09mg/L in the lower estuarine regions (0 to 25km). In the middle and 
upper reaches (25 to 55km), mean ammonium concentrations were generally higher in both 
surface and bottom waters, between 0.05 and 0.15 mg/L. Mean phosphate concentrations in 
surface and bottom waters were between 0.01 and 0.05mg/L throughout the estuary. 
Summer 
During the 'dry' months of summer rainfall was minimal if at all, and mean monthly river 
flows less than 1m3/s. Mean salinities in the bottom waters were above 30ppt within the 
lower reaches (0 to 25km). Further upstream (25 to 55km) mean bottom water salinity was 
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lower, generally between 20 and 25ppt. Mean surface water salinities were slightly lower 
than mean bottom water salinities by approximately 2 to 4ppt in all regions however, errors 
associated with mean values indicate surface salinities at this time were highly variable. 
Mean surface and bottom water temperatures in the lower reaches (0 to 10km) were 24 °C. 
Mean bottom waters upstream of here were 26°C, and mean surface waters were 27 °C. 
Mean SDDs were between 75 and 80% of the water column in the lower reaches (0 to 15km). 
Midstream in the Swan River (25 to 35km), mean SDDs generally remained between 70 and 
80%, but decreased to 40 to 60% in the upper reaches (35 to 55km). Mean dissolved oxygen 
concentrations in surface waters were between 6 and 8mg/L. Mean nitrate concentrations in 
surface and bottom waters did not exceed 0.15mg/L. Mean ammonium concentrations in 
surface and bottom waters were between 0.01 and 0.03mg/L, in the lower reaches (0 to 
25km). Mean ammonium concentrations were higher in the middle and upper reaches (25 to 
55km) in bottom waters (0.05 to 0.09mg/L), while lower in surface waters (0.01 to 0.05mg/L). 
Mean phosphate concentrations in surface and bottom waters in the lower reaches (0 to 
25km) were between 0.01 and 0.04mg/L. In bottom waters, mean phosphate concentrations 
were between 0.06 and 0.14mg/L, and 0.02 to 0.07mg/L in surface waters , in the middle and 
upper reaches (25 to 55km). 
Autumn 
The physico-chemical environment of autumn is very similar to that of summer in the Swan­
Canning Estuarine System. Mean salinities in bottom waters were above 30ppt in the lower 
reaches (0 to 25km), and at times above 35ppt. Further upstream mean bottom water 
salinity was lower, generally between 20 and 25ppt. Again, mean surface water salinities 
were slightly lower than mean bottom water salinities throughout the estuary, by 
approximately 2 to 4ppt. Mean bottom water temperatures were slightly lower than those of 
summer, at 19°C in the lower reaches (0 to 15km), and 20 °C in upstream regions (15 to 
55km). Mean surface temperatures were 1 °C higher than mean bottom water temperatures 
throughout the estuary. Mean SDDs were between 75 and 80% of the water column in the 
lower reaches (0 to 15km). In the middle estuarine reaches (25 to 35km), mean SDDs 
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generally remained between 70 and 80%, but decreased to 40 to 60% in the upper reaches 
(35 to 55km). Mean dissolved oxygen concentrations in surface waters ranged between 7 
and 12mg/L, with no clear spatial trends. In bottom waters, mean dissolved oxygen 
concentrations were less than 6mg/L throughout the estuary and as low as 1 mg/L in some 
regions, with concentrations decreasing with increasing distance upstream. Mean nitrate 
concentrations in surface and bottom waters did not exceed 0.15mg/L. throughout the 
estuary. Mean ammonium concentrations in surface and bottom waters were between 0.01 
and 0.03mg/L in the lower reaches (0 to 25km). In the upper reaches, mean ammonium 
concentrations in surface waters were between 0.02 and 0. 15mg/L, and between 0.02 and 
0.25mg/L in bottom waters. Mean phosphate concentrations in surface and bottom waters 
were between 0.01 and 0.04mg/L in the lower reaches (0 to 25km). Mean phosphate 
concentrations in bottom waters were between 0.06 and 0.14mg/L in the upper reaches (25 to 
55km), and 0.02 to 0.07mg/L in the surface waters. Similar to ammonium profiles, 
phosphate concentrations were highest in bottom waters of the upper estuary during this 
season. 
3.3.2 Physico-Chemical Profiles 
Species Richness 
Thirty-six macroalgal species were collected and identified during the eight sampling periods 
(Table 3.2). Analyses revealed that variation in species richness was attributable to both 
season and estuarine region, although the interaction of these factors was not significant 
(Table 3.3). However, post-hoe analyses revealed no significant differences between 
species richnesses of 'replicate' seasons (i.e. August 1995 and August 1996), indicating 
seasonal variability is not interannual variability, but intra-annual variability (Table 3.4). The 
highest macroalgal species richness occurred during the seasons of hydrological change in 
the estuary, autumn and spring,with twenty species recorded in spring, 1995 (November). In 
both years the lowest species richness or near lowest, was recorded in winter (6 in August 
1996 and 13 in August 1995). 
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TABLE 3.1: Results of ANOVAs of all physico-chemical parameters monitored during the 
sampling period August 1995 to May 1997 (* = <0.05, ** = <0.01, *** = <0.001, NS = not 
significant) (n=4 weeks prior to sampling). 
VARIABLE FACTORS d.f. F MS p-level 
Salinity Season 7 85.9304 1108.932 *** 
Region 4 152.0672 1962.427 ... 
Interaction 28 8.9319 1 15.266 *** 
Temperature Season 7 178.4554 256.7562 *** 
Region 4 4.9137 7.0696 .. 
Interaction 28 3.3196 4.7761 *** 
Secchi Disk Depth Season 7 11 .62732 4227.1 13  ... 
Region 4 18.64246 6777.467 
Interaction 28 1.11356 404.833 NS 
Dissolved Oxygen Season 7 4.787649 13.62653 *** 
Region 4 4.195949 1 1.94245 ** 
Interaction 28 3.803715 10.82608 ... 
Nitrate Season 7 412.8141 4.61752 ... 
Region 4 29.3038 0.327776 ... 
Interaction 28 10.3227 0.115646 ... 
Ammonium Season 7 18.78038 0.057824 ** 
Region 4 4.08242 0.01257 ** 
Interaction 28 4.76156 0.014661 ... 
Phosphate Season 7 15.87904 0.00493 ... 
Region 4 46.83609 0.0153253 ... 
Interaction 28 5.537 0.001567 ... 
Highest species richnesses were recorded within the lower reaches (0 to 10km), on all 
sampling occasions (Figure 3.10a-h). Seasonal species richness within this region were 
between 10 and 14 in spring, summer, and autumn, falling to between 3 and 10 in winter. 
This region of the estuary experienced salinities of over 30ppt during all seasons, and the 
macroalgae found in this part of the estuary were essentially marine species. Generally, a 
species richness between 4 and 8 was found within the estuarine basin (10 to 25km ), in all 
seasons except winter (2 to 4 species). In the upper reaches (25 to 55km), species richness 
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was comparatively low in all seasons, where between 1 and 3 species were recorded, with 
the exception of November 1996, when 7 species were recorded in the estuarine region 25 to 
35km. 
Biomass 
Macroalgal distribution in the Swan-Canning Estuarine System was patchy. Biomass was 
significantly different between regions but not seasons, and the interaction of these two 
factors was not significant (Table 3.3). This result is further supported by post-hoe analyses 
of biomasses recorded in replicate seasons - none were significantly different between the 
same seasons of different years (Table 3.4). The highest mean macroalgal biomass 
recorded in any one region, was 419 g/m2 in the lower reaches (10 to 15km) in spring (Figure 
3.11a-h). Regionally, the highest seasonal biomass of macroalgae was consistently recorded 
in the lower reaches (0 to15km). Seasonally, the highest mean biomass recorded was 629 
g/m2 in spring, and the lowest 21 g/m2 in winter. Mean macroalgal biomass in the upper 
reaches (35 to 55km) was highly variable seasonally, ranging between O and 247 g/m 2. 
However, in mid estuarine reaches (15 and 35km), macroalgal biomass was always present, 
ranging between 78 g/m2 in winter to 420 g/m2 in summer. 
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FIGURE 3.2: Cumulative monthly rainfall (in mm;?) and mean monthly water flow (in m3/s ± 
SE;-) from July 1995 to August 1996 (n=4 weeks) :!: SE, measured at the automated 
sampling station Walyunga at the top of the Swan River, Western Australia. 
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FIGURE 3.3a-h: Mean salinity (in ppt) at the surface ( - ) and bottom (----) of the water 
column, with increasing distance upstream from the estuary mouth, for each season from 
August 1995 to May 1997, inclusive (a-h, respectively) (n=4 weeks prior to sampling)± SE. 
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FIGURE 3.4a-h: Mean temperature profiles (in °C) at the surface ( ) and bottom (----) of 
the water column, with increasing distance upstream from the estuary mouth, for the 
sampling seasons from and including August 1995 to May 1997 (a-h, respectively) (n=4 
weeks prior to sampling)± SE. 
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FIGURE 3.7a-h: Mean nitrate profiles (in mg/L) at the surface (- ) and bottom (----) of the 
water column, with increasing distance upstream from the estuary mouth, for the sampling 
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FIGURE 3.8a-h: Mean ammonium profiles (in mg/L) at the surface ( - )  and bottom (----) of 
the water column, with increasing distance upstream from the estuary mouth, for the 
sampling seasons from and including August 1995 to May 1 997 (a-h, respectively) (n=4 
weeks prior to sampling) ± SE. 
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FIGURE 3.9a-h: Mean phosphate profi les (in mg/L) at the surface ( - ) and bottom (----) of 
the water column, with increasing distance upstream from the estuary mouth, for the 
sampling· seasons from and including August 1 995 to May 1997 (a-h, respectively) (n=4 
weeks prior to sam pling) ± SE.3.3.2 Floristics 
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Total macroalgal biomass was general ly dominated by rhodophytes, in all seasons 
throughout the estuary (Figure 3. 12a-h), with the exception of the estuarine regions 10  to 
15km and 35 to 55km from the estuary mouth in spring, summer and autumn, when 
chlorophytes dominated. Domination of total macroalgal biomass by rhodophytes was 
largely due to the broad spatial and temporal presence of the species Graci/aria comosa. G. 
comosa was collected on all sampling occasions and dominated seasonal macroalgal 
biomass, particularly in winter when few if any other taxa were observed (Figure 3. 13a-h). In 
winter, G. comosa constituted over 90% of the total macroalgal biomass at the sites 
sampled, especially those lacking hard substrate (25 to 55km). However, in brackish to 
freshwater regions (35 to 55km), and where loose rubble substrate was present, macroalgal 
biomass was dominated by the freshwater species Chara sp. 
Percentage Cover 
Macroalgal percentage cover varied between seasons, reg ions, and algal growth type 
(attached versus unattached) (Table 3.3). Generally, percentage cover was lowest in winter 
and highest in summer and autumn, coincidental with freshwater flows and changes in 
biomass (Figure 3.14a-h). Similar to biomass, percentage cover of macroalgae was also 
patchily distributed, both temporally and spatially. The mean percentage cover of 
unattached macroalgae was generally between O and 20%, with highest covers recorded in 
extensive sand areas found in the mid to lower reaches (0 to 25km). The highest attached 
cover was in the mid-reaches ( 15  to 25km) where mean cover ranged from 1 7  to 27% in 
winter to 75% in autumn. 
Tissue Nutrient Concentrations 
Variability in nitrogen and phosphorus tissue concentrations of G. comosa was due to the 
factors of season and region, and also to their interaction (Table 3.3). Mean tissue nitrogen 
concentrations of G. comosa were highest in autumn at 0.5 to 0.6mg/g in the mid to upper 
estuarine reaches ( 15  to 35km) (Figure 3. 15a-c). Mean concentration for tissue nitrogen (a-
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c) and tissue phosphorus (d-g) in sampling periods between November 1 995 and August 
1996 (n=3 individuals). 
TABLE 3.2: Species l ists for macroalgae recorded in all sampling seasons, from all sites, 
between August 1 995 (Aug 95) to May 1997 (May 97). 
SPECIES 
Graci/aria comosa 
Grateloupia filicina 
Hypnea valentiae 
Chaetomorpha linum 
Enteromorpha pro/ifera 
Cystoseira trinodis 
Polysiphonia austratiensis 
Gelidium sp. 
C/adophora sp. 
Rhizoclonium riparium 
Enteromorpha ralfsil 
Cladophora valioniodes 
Gelidiopsis sp. 
Laurene/a clavata 
Laurene/a majuscula 
Cladophora hutchinsonii 
Ulva lactuca 
Ulva australls 
Chara sp. 
Enteromorpha sp. 
Co/pomenia sinuosa 
Asteronema sp. 
Cladophora fereday/i 
Enteromorpha compressa 
Enteromorpha clathrata 
Rhizoclonium imp/ex 
Enteromorpha intestinalis 
Ulva sp. 
Cladophora rhizoclonlum 
U/va taenlata 
Acetabularia sp. 
Ceramium sp. 
Chondria sp. 
Polysiphonia forfex 
Ceramium galeatum 
Dasycladus sp. 
TOTAL 36 
Aug, 95 Nov, 95 Feb, 96 May, 96 Aug, 96 Nov, 96 Feb, 97 May, 97 
-
13  20 12 18 6 13  13  12 
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TABLE 3.3: Results of univariate statistical analyses of all floristics parameters monitored 
during the sampling period August 1995 to May 1 997 (* = <0.05, ** = <0.01 , *** = <0.001 , NS 
= not significant) (n=4). 
VARIABLE FACTORS d.f. F MS p-level 
Soecies Richness Season 7 2.79091 8.62857 • 
Region 4 14.01617 43.3333 ... 
Interaction 28 1.26608 3.91429 NS 
Biomass Season 7 1.543612 69605.9 NS 
Region 4 2.56186 115671.6 . 
Interaction 28 1 .034367 46642.6 NS 
Percentage Cover Season (1) 3 7.755318 3487.567 -
Region (2) 4 3.242282 1458.054 . 
Attached/Unattached (3) 1 5.687421 2557.633 .. 
1x2 12 0.979551 440.504 NS 
1x3 3 1.810614 814.233 NS 
2x3 4 2.330785 1048.154 NS 
1x2x3 12 1 .093701 491.837 NS 
Tissue Nitrogen Season 2 7.21934 0.034011 -
Concentration Region 2 8.18868 0.038578 -
Interaction 4 9.415094 0.044356 ... 
Tissue Phosphorus Season 3 3.21337 0.462347 . 
Concentration Region 2 19.80046 2.848933 -
Interaction 6 2.75479 0.396366 . 
TABLE 3.4: Results of post-hoe statistical analyses of floristic parameters monitored during 
the sampling period August 1995 to May 1 997 (* = <0.05, ** = <0.01 , *** = <0.001 , NS = not 
significant) (n=4). 
VARIABLE FACTORS d.f. F MS p-level 
Soecies Richness 
August 95 vs August 96 Effect 1 0.43127 0.13333 NS 
Error 80 3.091667 
November 95 vs November 96 Effect 1 1.07816 3.3333 NS 
Error 80 3.091667 
February 96 vs February 97 Effect 1 2.425876 7.5 NS 
Error 80 3.091667 
May 96 VS May 97 Effect 1 0.010782 0.03333 NS 
Error 80 3.091667 
Biomass 
August 95 vs August 96 Effect 1 0.024534 1106.32 NS 
Error 80 45092.87 
November 95 vs November 96 Effect 1 4.68692 211346.7 NS 
Error 80 45092.9 
February 96 vs February 97 Effect 1 0.049375 2226.48 NS 
Error 80 45092.87 
May 96 vs May 97 Effect 1 0.707675 31911.1 NS 
Error 80 45092.87 
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Nitrogen concentrations were lowest in the lower reaches (0 to 1 5km) at 0.2mg/g. In spring 
and summer, mean tissue nitrogen concentrations of G. comosa were between 0.3 and 
0.4mg/g, with the exception of 0.2mg/g mean tissue nitrogen concentration recorded for 
plants collected 1 5  to 25km from the estuary entrance in summer. 
Tissue phosphorus concentrations of G. comosa varied significantly according to season and 
region (Table 3.3). Generally, mean tissue phosphorus concentrations of G. comosa were 
lowest in individuals collected in the lower reaches (0 to 15km) (0.28 to 0.93 x 1 0-a mg/g), with 
the exception of plants collected in this region in summer (1 .48 x1CT3 mg/g) (Figure 3. 1 5d-g). 
Mean tissue phosphorus concentrations of G. comosa plants sampled in mid to upper 
reaches ( 15  to 35km) were between 1 .36 and 2. 15  x10-3 mg/g. 
Tissue nitrogen:phosphorus (TN:TP) ratios of G.comosa ranged between 1 7: 1  and 40:1 
(Figure 3.16a-c). Generally, the ratios declined with distance upstream fror:n the estuary 
mouth, and were lowest in the summer. Spatially, TN:TP ratios were highest in the lower 
reaches (0 to 1 5km) in all seasons, ranging from 22: 1  to 40: 1 .  Seasonally, TN:TP ratios were 
highest in autumn, ranging from 27: 1  in the upper reaches (25 to 55km) and 40:_1 in the mid 
to lower reaches (0 to 25km). 
In Summary 
The floristic surveys found macroalgal distribution to be very patchy, both spatially and 
temporally. This is evidenced by biomass and percentage cover observations. However, the 
estuarine region of highest biomass and percentage cover was found in the lower reaches (0 
to 1 5km), where extensive sand flats and hard substrate were both present. It is also in this 
region where the highest species richness was observed, and decreased with increasing 
distance upstream. Macroalgal species richness was highest in seasons of hydrolo gical 
change (i .e. spring and autumn) and lowest in winter. Throughout the estuary, tissue 
44 
-+-- Swan River . . ·•· • .  Canning River 
14 (a) August, 1995 14 (e) August, 1996 
7 7 
0 0 
14  (b) November, 1 995 
14 (f) November, 1996 
7 7 
Ill 
Ill 
' 
C i.. •• .•. . . . . ·• "fi 0 0 . . 
ii: 
Ill 
(c) February, 1996 (g) February, 1997 ·c:; 14 14 
{:. 7 7 
.. 
0 0 
14 (d) May, 1996 14  (h) May, 1997 
7 7 
0 +-----r--�--�-��- 0 --1----�--�-�---4-�:,:,..� 
O to 10 10 to 1 5 to 25 to 35 to O to 10 10 to 15 to 25 to 35 to 
15 25 35 55 15 25 35 55 
Distance Upstream (km) 
FIGURE 3. 10a-h: Total species richness at sites within estuarine regions with increasing 
distance upstream, for the Swan-Canning Basin (0 to 15km; - ), the Swan River ( 15  to 
55km; - ), and the Canning River ( 15  to 35km; ----). 
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FIGURE 3. 1 1  a-h: Mean macroalgal biomass at sites within estuarine regions with increasing 
distance upstream (n=5 for O to 10km , n=7 for 10  to 15km, n=6 for 15  to 25km, n=6 for 25 to 
35km, n=4 for 35 to 55km) ± SE. 
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FIGURE 3. 12a-h: Mean macroalgal biomass for the phyla Rhodophyta ( - ), Chlorophyta (­
- - -), and Phaeophyta (----), at sites within estuarine regions with increasing distance 
upstream (n=5 for O to 10km, n=7 for 10  to 15km, n=6 for 1 5  to 25km, n=6 for 25 to 35km, 
n=4 for 35 to 55km) ± SE. 
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FIGURE 3.14a-h: Mean percentage cover of attached ( - ) and unattached (----) 
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FIGURE 3. 15a-g: Mean tissue nutrient concentrations (in mg/g) for Graci/aria comosa plants 
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50 
(a) November, 1 996 
40 
20 
0 
(b) February, 1 996 
UI 40 
2 
0 .c 
UI 
0 .c 
Cl. 
i:::: 
a, 20 Cl 
z 
a, ::s 
UI 
UI 
0 
40 (c) May, 1 996 
20 
0 -+-----�-
0 to 1 0  10 to 15  15 to 25 25 to 35 35 to 55 
Distance Upstream (km) 
FIGURE 3. 16a-c: Tissue nitrogen:phosphorus ratios for Graci/aria comosa plants collected at 
sites within estuarine regions between 10 and 35km upstream of the estuarine mouth, in the 
sampling periods between November 1996 and August 1 996. 
51 
nitrogen:phosphorus ratios were generally between 17:1 and 40: 1 during spring, summer and 
autumn. 
3.3.3 ANALYSES (Biological & Environmental Data) 
ORDINATION 
MDS analyses revealed little separation of samples from different seasons based on algal 
assemblage data (Figure 3. 1 7a and b). In the 1995 - 1996 data, there was little separation of 
sites by season, with the exception of some outlying sites of the seasons February and May. 
Again, in the 1996 - 1 997 data set, sites of all seasons clustered together. MDS analyses on 
site data for individual seasons also revealed no strong patterns (Figure 3. 18a-d). However, 
the upper estuarine site 24 clustered separately in November 1995, February 1996, and May 
1 996, as did 21 and 30, and 22 and 30 in November 1995 and May 1 996, r�spectively. 
When the algal composition of sites measured in August, 1995 were compared using MDS, 
sites were spread broadly along two axes. The first being marine, with sites one and. two 
separating from all others, and the second being species richness, with upper sites 
separating from lower estuarine sites along a progressive gradient. 
Contrarily, when sites were clustered on the basis of physico-chemical characteristics, a 
wider scattering of sites was found. Of sites sampled during 1 995/1996, those sampled in 
August were noticeably separated from sites sampled in other seasons, particularly February 
and May (Figure 3. 17c-d). Sites sampled in November were found to lie between both 
August, and February and May, groupings. Similarly in the 1 996/1997 analysis, sites 
sampled in August were distinctly separated from November, February, and May sites, with 
the exception of one or two outliers. These results clearly indicate that the sites show 
distinctly different physico-chemical characteristics between seasons, but this is far less 
evident i!l the algal assemblages found at the sites. When the sites of August, 1 995, 
November, 1 995, February, 1 996, and May, 1996 were analysed for each season using 
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(a}Algal Floristics Data: August, 1995 (stress=0.02) (c)Algal Floristics Data: February, 1996 (stress=0.01) 
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MDS, a wide scattering of sites was also observed (Figure 3.19a-d). In winter (August 1 995), 
sites scattered broadly, although the very lower estuarine sites one, two and three fell out 
distinctly. In spring (November 1 995), sites were distributed into two bands: sites of the lower 
and mid-estuarine regions (1 to 1 7), and sites of the upper estuarine regions (18 to 30). In 
February and May, 1 996, sites were generally clumped together, however, upper estuarine 
sites were again distinct in summer and autumn from lower and m id-estuarine sites. 
B/OENV 
Results of the MDS analyses were supported by those of the BIOENV analyses (Tables 3.5, 
3.6 and 3.7). Upon investigating relationships between floristics and physico-chemical data, 
of the years 1995/1996 and 1996/1997, maximum correlations with the individual variables of 
salinity and temperature were -0.01 and 0.014, respectively. The combination of two or more 
variables did not yield higher correlation coefficients. When floristic and environmental 
relationships were investigated for all sites of individual sampling seasons (August, 1 995 to 
May 1 996), slightly different correlations were revealed. In August 1 995, the strongest 
correlation between floristic and environmental conditions was found with the combined 
physico-chemical parameters of salinity and SDD (0.372); in November 1995 with salinity 
alone (0.259); in February with SDD alone (0.312); and in May 1 996 with all four physico­
chemical parameters (0.204). Thus, BIOENV analyses did not reveal high correlations 
between similarity matrices underlying ordinations generated from the environmental 
parameters salinity, temperature, dissolved oxygen, and secchi disk depth, or any 
combination of these parameters, with the floristics data, for sites of all seasons collected in 
the two sampling years. However, relationships between environmental parameters and 
floristics data were more strongly correlated when sites of individual seasons were examined 
separately. In particular, floristics composition was more strongly influenced by salinity and 
SDD, than with temperature and dissolved oxygen content. Correlation coefficients were not 
higher than 0.37 suggesting other physico-chemical or biological influences, not analysed for 
here, may have an important influence on floristic composition, both spatially and temporally. 
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ANOSIM 
ANOSIM analyses were conducted to test for differences in the floristic compositions 
between 'replicate' seasons of the two sampling years (e.g. August 1995 versus August 
1 996). Initial analyses incorporating all species from all sites found no significant differences 
between duplicate seasons (Table 3.8). However, when ANOSIM analyses were conducted 
using floristics data recorded at sampling sites with hard substrate only, significant 
differences between August 1 995 and August 1 996, and May 1996 and May 1997, 
assemblages were found. Thus, macroalgal assemblages found on hard substrate may differ 
significantly between the same seasons of different years. However, this was only observed 
in autumn and winter. 
CLASSIFICATION 
Seasonal floristic data recorded at all sampling sites was classified by clustering analysis, in 
order to reveal groups of species within the seasonal macroalgal assemblages (Figure 3.20a­
h). In total , 37 species of macroalgae were recorded over the 8 sampling seasons. Results 
of clusterings for all seasons revealed that one species, Graci/aria comosa, was always 
separated from all other algal species within the first three divisions, and in the first division 
for four of the eight seasons. This distinction was particularly evident in winters of both years 
(August 1 995 and 1996). The results suggest that G. comosa is highly definable on the basis 
of its spatial distribution and/or biomass from the other 36 macroalgal species recorded. 
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TABLE 3.5: BIOENV results for correlation analyses between floristics data, and the 
physico-chemical variables sal inity, temperature, dissolved oxygen, and secchi disk depth, 
for sites measured in August 1995 to May 1 996. 
No. of Variables Variables Correlation Coefficient 
Salinity Temperature Dissolved Oxygen Secchi Disk Depth 
1 + -0.01 
1 + -0.1 17 
1 + -0.128 
1 + -0.192 
2 + + -0.077 
2 + + -0.082 
2 + + -0.086 
2 + + -0.144 
2 + + -0.198 
2 + + -0.207 
3 + + + -0.115 
3 + + + -0.129 
3 + + + -0.145 
3 + + + -0.208 
4 + + + + -0.159 
TABLE 3.6: BIOENV results for correlation analyses between floristics data, and the physico­
chemical variables salinity, temperature, dissolved oxygen, and secchi disk depth, for sites 
measured in August 1 996 to May 1997. 
No. of Variables Variables Correlation Coefficient 
Salinity Temperature Dissolved Oxygen Secchi Disk Depth 
1 + 0.014 
1 + -0.044 
1 + -0.066 
1 + -0.072 
2 + + 0.014 
2 + + 0.01 
2 + + -0.001 
2 + + -0.034 
2 + + -0.07 
2 + + -0.073 
3 + + + 0.014 
3 + + + -0.002 
3 + + + -0.008 
3 + + + -0.055 
4 + + + + -0.001 
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TABLE 3. 7: BIOENV results for correlation analyses between floristics data, and the physico-
chemical variables salinity, temperature, dissolved oxygen, and secchi disk depth, for sites of 
individual seasons, measured from August 1995 to May 1996. 
Season No. of Variables Correlation 
Salinity Temperature Dissolved Secchl Disk Coefficient 
V:iri:ihlAi:; Oxvaen Denth 
A11n11td 1 + n =i=i, 
1995 1 + 0.292 
1 + 0.014 
1 + 0.035 
2 + + 0.372 
2 + + 0.298 
2 + + 0.298 
2 + + 0.271 
2 + + 0.195 
2 + + 0.169 
3 + + + 0.355 
3 + + + 0.277 
3 + + + 0.273 
3 0.171 
4 + + + + 0.288 
November 1 + 0.259 
1995 1 + -0.006 
1 + -0.053 
1 + -0.151 
2 + + 0.197 
2 + + 0.129 
2 + + 0.1 11 
2 + + 0.008 
2 + + -0.043 
2 + + -0.137 
3 + + + 0.129 
3 + + + 0.085 
3 + + + 0.073 
3 + + + -0.049 
4 + + + + 0.073 
Februarv 1 + 0.312 
1996 1 + 0.057 
1 + -0.042 
1 + -0.095 
2 + + 0.059 
2 + + 0.057 
2 + + 0.014 
2 + + -0.047 
2 + + -0.096 
2 + + -0.135 
3 + + + 0.066 
3 + + + 0.011 
3 + + + 0.001 
3 + + + -0.107 
4 + + + + 0.014 
Mav 1 + 0.180 
1996 1 + 0.124 
1 + 0.073 
1 + 0.026 
2 + + 0.203 
2 + + 0.173 
2 + + 0.159 
2 + + 0.155 
2 + + 0.145 
2 + + 0.124 
3 + + + 0.197 
3 + + + 0.185 
3 + + + 0.180 
3 + + + 0.175 
4 + + + + 0.204 
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TABLE 3.8: Results of ANOSIM analyses of floristic compositions recorded at all sites, and at 
hard substrate sites only, during the sampling periods between August 1995 and May 1997. 
FACTORS 
ALL S/TES 
August 1995 vs 1996 
November 1995 vs 1996 
February 1996 vs 1997 
May 1996 VS 1997 
HARD SUBSTRATE SITES ONLY 
August 1995 vs 1996 
November 1995 vs 1996 
February 1996 vs 1997 
May 1996 VS 1997 
IN SUMMARY 
SAMPLE RATIO SIGNIFICANCE LEVEL 
0 35.1% 
0.003 30.3% 
0.012 13.1% 
-0.002 43.7% 
0.180 0.4% 
-0.007 51.9% 
0.013 28.7% 
0.216 0.2% 
In summary, the multivariate analyses indicated that the Swan-Canning Estuarine System 
has a highly seasonal physico-chemical regime, yet a similar strength of seasonality was not 
observed in the floristics, and consequently, a low correlation between several environmental 
parameters and seasonal floristics was observed. However, stronger relationships between 
the environmental parameters of salinity and SDD with floristics were found within individual 
seasons. Between years, the seasonal floristics pattern was sim ilar, except for hard 
substrate assemblages which showed significant inter-annual differences for winter and 
autumn. Finally, one macroalgal species, G. comosa, is significantly different to other algal 
assemblages in terms of its biomass and/or distribution within the Swan-Canning Estuarine 
System . 
3.4 DISCUSSION 
SPECIES RICHNESS & COMPOSITION 
Thirty-seven macroalgal species were recorded during this study. The macroalgal species 
richnesses presented in Table 3.9 have been collated from waterbodies of different sizes, 
hydrodynamic regimes, and surveys of varying timespans. From these data it can be 
observed that Chlorophytes dominated macroalgal assemblages of these coastal aquatic 
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systems, and that species richnesses varied greatly. Thus, the total species richness of 37 
recorded in this study appears to be typical, yet the majority of species were of the phylum 
Rhodophyta. 
The findings of this study are comparable to those of a macroalgal survey conducted in the 
Swan-Canning Estuarine System in 1 968 by Allender ( 1981). During the one year sampling 
period, Allender surveyed benthic macroalgal communities present in the photic zone, within 
the first 25km of the estuarine system. Twenty-nine benthic macroalgal species were 
identified during this time. Allender recognised the majority of these species as marine, and 
as such their horizontal distribution was strongly affected by the penetration of marine waters 
and the physiological intolerance of these species to freshwater inflows during winter. The 
maximum horizontal distribution of species (i.e. along the length of the estuary) was during 
summer and the minimum during winter. He also found that the vertical distribution of 
macroalgae (i.e. through the water column) was much reduced compared t<? northern 
hemisphere estuarine systems. Again, this characteristic was attributed to generally marine 
species found deeper in the water column, and their intolerance to low salinities within this 
region of the photic zone. Also, it was noted that reduced vertical distribution of macroalgal 
species may be attributed to the increased turbidity of freshwater inflows in winter. However, 
no comparisons as to the water clarity of northern hemisphere estuarine systems and south ­
western Australian estuarine systems (generally highly coloured with tannins) (Hodgkin and 
Hesp, 1 998) were made, which is a feature that would have considerable effects on the 
distribution of macroalgae through the water column. Thus, Allender concluded that the 
seasonal and temporal patterns in macroalgal communities of the Swan-Canning Estuarine 
System were largely due to the penetration and duration of marine waters into the estuary. 
The current study found similar distributional patterns in macroalgal communities of the 
Swan-Canning Estuarine System. The data shown here suggest that the observed patterns 
were due: to the aggressive nature of winter freshwater pulses rather than the penetration and 
duration of marine waters into the estuary. The sudden and powerful nature of winter 
freshwater pulses in the estuarine system may partially affect macroalgal communities due to 
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indirect physiological effects, however, the physical nature of the freshwater pulses is 
considered to most strongly affect the temporal and spatial distribution of macroalgal species 
in the Swan-Canning Estuarine System. The impact of freshwater pulses on the macroalgal 
communities in the Swan-Canning Estuarine System may be observed in the rapid loss of 
macroalgal biomass and species richness in winter seasons, when pulses are frequent. 
The species richness of 37 recorded during this study is an accumulative figure of 8 survey 
seasons. However, a maximum of 20 species was recorded at any one time, and a minimum 
of 6. The changes in seasonal species richnesses reflect a dynamic macroalgal community 
in the Swan-Canning Estuarine System.  As observed in this study, Allender ( 1981 )  
documented a large number of macroalgal species also found in the nearby, marine 
environment in his survey. He suggested these species were opportunistic macroalgae, 
colonising the estuary once the marine intrusion had advanced up the estuary after winter 
freshwater flows. It was therefore not unexpected that the multivariate analyses revealed 
sal inity to be an influencing environmental parameter in analyses on sites of individual 
seasons. However, SOD was also found to be an influencing environmental parameter from 
multivariate analyses. 
Correlations with both these environmental parameters were not over 0.37 suggesting other 
environmental parameters influenced macroalgal communities, both spatially and temporally. 
While ANOSIM was not used to specifically test for the influence of substratum on species 
composition, the results are suggestive of this. When collective data of hard and soft 
substrate macroalgal communities were divided, seasonal differences were observed in the 
two individual communities, suggesting macroalgal assemblages on soft substrate were 
ecologically different to hard substrate communities. From this the fol lowing hypotheses are 
raised. Firstly, in seasons of l ittle or no freshwater flow, when marine waters infiltrate the 
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TABLE 3.9: Macroalgal species richnesses from various waterbodies, both Australian and 
international . 
LOCATION WATERBODY SPECIES DOMINANT SOURCE 
RICHNESS PHYLUM 
South Africa Gamtoos Estuary 1 Chlorophyta Adams et al. (1992) 
Kabeljous Estuary 1 Chlorophyta 
Seekoei Estuary 3 Chlorophyta 
Kromme Estuary 8 Chlorophyta 
Georgia, Georgian Basin and 15 Chlorophyta Sheath et al. (1988) 
U.S.A North Channel 
Drainage Basin 32 Chlorophyta 
Rhode Is., Narragansett Bay 34 Rhodophyta Harlin et al. (1996) 
U.S.A 
Cancun, Bojorquez Lagoon 45 Chlorophyta Collado-Vides et al. (1994) 
Mexico 
North Eastern Tyne Estuary 35 Chlorophyta Hardy et al. (1993) 
England 
Tees Estuary 24 Chlorophyta 
Wear Estuary 28 Chlorophyta 
South Peel-Harvey Estuary 5 Chlorophyta Lavery et al. (1991) 
Western 
Australia 
Waychinicup 40 Phaeophyta Phillips and Lavery (1997) 
Estuary 
estuary some 40km upstream, macroalgal biomass and species richness is l imited by the 
availability of hard substrate. This hypothesis may be supported by the consistently higher 
species richness observed in the first 15km of the estuary where high salinities are present, 
and hard l imestone substrate is also present. However, further upstream where salinities are 
also high, yet hard substrate is not present, macroalgal species richness is consistently 
lower. Secondly, in estuarine regions where soft sediment is present, macroalgae are 
generally unattached species, and therefore species richness and biomass are influenced 
physically by freshwater flow and water movement. In addition, attached opportunistic 
marine species near the estuarine mouth do not survive the sudden decrease in salinity and 
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are therefore influenced physiologically. The consequences of these hypotheses are that: 
during periods of high salinity, avai labil ity of hard substrate influences macroalgal species 
richness and biomass, and during periods of freshwater flow macroalgal species richness is 
influenced by the physical and chemical nature of the flows (i.e. scouring and osmotic 
stress). 
In the present study, the rhodophyte Graci/aria comosa was collected on all sampling 
occasions, and was always a significant proportion of macroalgal biomass. Other studies 
have also found species of Graci/aria to be a significant component of macroalgal 
assemblages, particularly in drift macroalgal communities. Virnstein and Carbonara (1985) 
surveyed drift macroalgal species in the Mid-Indian Lagoon, Florida, identifying nine species 
of which Graci/aria spp. was dom inant. Bell and Hall (1998) surveyed drift macroalgal 
assemblages in seagrass beds of Tampa Bay, observing nine species, with Hypnea spp. and 
Graci/aria spp. dominating. Others have also noted the common occurrenc_e of Graci/aria sp. 
in drift macroalgal assemblages is typical ,  along with Hypnea and Spyridia species (Dawes et 
a/. , 1 985; Benz et al. , 1 979). Drift algae in seagrass meadows are thought to originate from 
epiphytes within meadows breaking off and becoming drift algae, or from hard substrate 
outside meadows. In this study, G. comosa was found as drift within H. ova/is beds, and also 
attached to gastropod shells within beds. However, it was also found as extensive drift 
aggregations, overlying soft sediment with no underlying emergent macrophytes. An abil ity 
to proliferate in these conditions must confer an ecological advantage in estuarine 
environments, and it is perhaps for this reason that this species dominated macroalgal 
assemblages in the Swan-Canning Estuarine System in these surveys. 
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N:P RATIOS 
The ratio of tissue nitrogen:phosphorus in G. comosa plants ranged between 17  and 40: 1 .  
There is extensive literature documenting tissue nitrogen:phosphorus ratios (Table 3. 10). 
From these data it is apparent that tissue nitrogen:phosphorus rat ios of G. comosa observed 
in the Swan-Canning Estuarine System are comparable to other Graci/aria species and 
genera, including seasonal differences. Given that the Redfield ratio suggests marine 
organisms generally have a tissue nitrogen:phosphorus ratio of 1 6: 1  in non-l imiting nutrient 
conditions, this study suggests that G. comosa in the Swan-Canning Estuarine System did 
not experience nutrient l imiting conditions affecting tissue nutrient concentrations (Atkinson 
and Smith, 1983). However, relatively lower tissue nitrogen:phosphorus ratios were 
observed in upper estuarine regions and in the season of February 1996, suggesting that G. 
comosa plants were phosphorus limited either due to low phosphorus concEl_ntrations in the 
water column or inorganic nitrogen concentrations in the surrounding water column, at this 
time and in this estuarine region (Fong et al. , 1994). Atkinson and Smith (1982) suggest that 
the ratio of nitrogen:phosphorus in benthic marine plants rather than marine phytoplankton, 
upon which the Redfield ratio is constructed, is 30: 1 .  If this ratio were more appropriate than 
the Redfield ratio, it appears that G. comosa plants collected during this study were both 
phosphorus and nitrogen limited at different times. Lavery and Mccomb (1991 ) found tissue 
nutrient concentrations in Chaetomorpha linum in the Peel-Harvey Estuary, Western 
Australia, fluctuated widely according to seasonal changes in water column nutrient 
concentration, and that this relationship was not altered by benthic nutrient sources. This 
relationship was attributed to macrophytes inhabiting areas that receive nutrient-enriched 
waters according to season, such as estuaries. 
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TABLE 3. 10: Tissue nitrogen:phosphorus ratios of several macroalgal species. 
SPECIES TISSUE N:P SOURCE 
Benthic Marine Plants 30:1 Atkinson and Smith (1982) 
Graci/aria sp. 16:1 Atkinson and Smith (1983) 
G. verrucosa 43:1 
Graci/aria sp. 29:1 
G. ti/cvahlae 20-25:1 (summer) Peckol et al. (1994) 
35-55:1 (winter) 
Enteromorpha prolifera 10.1-29.3: 1 Wheeler and Bjornsater (1992) 
Ulva fenestrata 11.2-30.1:1  
Porphyra sp. 9-21 .7:1 
Codium fragile 8.5-16.8:1 
Pelvetiopsis limitata 6-18.2:1 
Cystoseira mediterranea 16-30:1 Delgado et al. (1994) 
BIOMASS 
Variability in the quantity and distribution of macroalgal biomass was investigated in this 
study, and was found to be highly patchy in distribution with biomasses ranging between 0 
and 420g d wt/m2, depending on location and season. The quantity and distribution of 
macroalgae in other coastal systems has been well researched. In estuaries with relatively 
low levels of anthropogenic nitrogen, macroalgal biomass has been reported from zero in 
April (spring) to 150g d wt/m2 in late June (summer) (Kinney and Roman, 1 998). Sheath et 
al. (1988), in contrast, recorded much larger biomass measurements in systems considered 
eutrophic. Sfriso et a/. 's ( 1987) study of the Lagoon of Venice, Italy, recorded biomass 
values up to 900g dwt/m2, with uneven distribution. Lavery et al. (1991 ) documented 
C/adophora biomass values of approximately 4.4 x 1CYg d wt/m2 in the Peel-Harvey 
Estuarine System, Western Australia, in 1 979. In both of these studies, macroalgal 
populations of such massive proportions collapsed quite suddenly. 
Many studies attribute seasonal variation in macroalgal biomass to levels of light acquisition 
and nutrient availabil ity, both affecting biomass production (Kinney and Roman, 1 998; 
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Collado-Vides et al. , 1 994; King and Schramm, 1 976). Studies on drift macroalgae, and also 
attached macrophytes, attribute some of the variation in biomass to water movement (e.g. 
Talbot et al. , 1990; Virnstein and Carbonara, 1985). Bell and Hall (1997) recorded drift 
macroalgal biomasses in Tampa Bay, USA, between almost no algae to over 150g dry wt/m2, 
and areal covers of less that 5% to over 40%. The authors suggest that variations in 
macroalgal biomass and distribution were related to local hydrodynamic regimes, such as 
wave action, currents, wind, and tides. This study found G. comosa dominated macroalgal 
biomass, and was widely distributed in the Swan-Canning Estuarine System. The Swan­
Canning Estuarine System is heavily influenced by freshwater pulses in winter, which 
generate sudden and substantial water flows. In addition, seasonal wind patterns cause 
considerable water movement, sufficient to cause sediment resuspension and dissipation of 
vertical stratification in shallow waters (Stephens and lmberger, 1 996). G. comosa was 
commonly found in large, unattached accumulations, overlying soft sediment. Not 
surprisingly, the presence of G. comosa Was noticeably reduced or absent vyith the onset of 
winter freshwater flows, indicating hydrodynamic regimes in the Swan-Canning Estuarine 
System strongly affect the ecology of G. comosa, and therefore a large proportion of the 
macroalgal biomass present in the estuary. 
CONCLUSIONS 
The aim of this chapter was to survey the macroalgal communities of the Swan-Canning 
Estuarine System , and to determine which environmental parameters significantly influenced 
spatial and temporal changes in macroalgal communities. This study was necessary for 
further studies investigating the impacts of unattached macroalgal accumulations on nutrient 
cycling in the Swan-Canning Estuarine System to be appropriately designed. Thus, it is 
important to note from the results presented in this chapter that macroalgal species richness 
and biomass change significantly over space and time. Changes in macroalgal communities 
appeareq to be most influenced by freshwater flow and substrate type. Other physico­
chemical variables had less influence. Finally, the rhodophyte Graci/aria comosa was the 
most widely distributed and abundant macroalgae species in the system, and was recorded 
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on all sampling occasions, suggesting it is a permanent macroalgal species of the estuarine 
system . 
Therefore, the following points required consideration and application in the design of 
experiments investigating impacts of unattached macroalgae on sediment-water nutrient 
cycling:  G. comosa is a broad representative species in space and time in the Swan-Canning 
Estuarine system; unattached macroalgal accumulations are highly patchy and seasonal; 
freshwater flow and substrate type are environmental factors influencing macroalgal 
accumulations. 
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CHAPTER 4: 
LABORATORY EXPERIMENTS INVESTIGATING THE IMPACTS OF MACROALGAL 
BIOMASS AND DENSITY ON SEDIMENlWATER NUTRIENT EXCHANGE 
4.1 INTRODUCTION 
Accumulations of unattached macroalgae in shal low, nearshore waters, have been well 
documented (Peckol and Rivers, 1 996; Collado-Vides et al. , 1994; Lavery et al. , 1 991 ; 
Josselyn and West, 1985), and are commonly attributed to eutrophication (Norkko and 
Bonsdorff, 1996a-c; Hull, 1987; Lavery and Mccomb, 1991). The impacts of macroalgal 
accumulations on sediment-water nutrient exchange in situ have been considered by a 
number of authors, including Lavery and Mccomb (1991 ), Lavery et al. ( 1991) ,  and Sfriso et 
al. (1987). However, manipulative laboratory experiments investigating the relationships 
between the presence of a benthic macroalgal layer, and subsequent sediment-water nutrient 
exchange are few (Krause-Jensen et al. , 1 996; Lavery and Mccomb, 1 991 ; Sundback et al. , 
1 990). 
It was proposed in Chapter 1 ,  and also by Beirzychudek et al. (1993) and Thybo-Christensen 
et al. (1993), that drift macroalgae resident over sediment for extended periods (days to 
weeks) may affect sediment-water nutrient exchange as a result of oxygen consumption and 
production. Phosphate uptake and release from the sediment is directly affected by the 
surrounding oxygen climate, as is organic mineral isation and consequent production of 
ammonium, and nitrate production through nitrification (Seitzinger, 1 984). Thus, changes in 
oxygen conditions and sediment organic content will in turn affect sediment-water nutrient 
exchange. A number of studies have investigated the amount of macroalgal biomass present 
over the sediment surface, and the depth/density of the macroalgal accumulation, and 
subsequent differences in the sediment-water nutrient exchange (Lavery and Mccomb, 1 991 ;  
Sundback et al. , 1 990; Hull, 1987). The studies showed that sediment-water nutrient 
exchange was not significantly affected by macroalgal accumulations of relatively low 
biomass (e.g. 0.9 kg fwt/m2, Sundback et al. , 1990). However, in high biomass 
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accumulations ( 1 .8kg fwt/m2), significant increases in oxygen consumption and ammonium 
release were observed (Sundback et al. , 1 990). It was concluded that, as a macroalgal layer 
becomes deeper, proportionately more of the accumulation becomes light deprived, and is 
respiring for longer periods. Consequently, the underlying sediment, and potentially the inter­
algal water, experiences sustained reducing conditions, affecting benthic nutrient cycling. 
Drift macroalgae forming accumulations in shal low, soft-sediment environments, are 
commonly Rhodophytes, and more specifically, of the genus Graci/aria (Norton and 
Mathieson, 1 983). Studies examining drift macroalgae generally consider quantitative 
measures of accumulations, such as abundance, and the impacts accumulations have on 
underlying benthic communities (Bell and Hall ,  1997; Norkko and Bonsdorff, 1 996a-c). 
However, no literature has been found documenting the impacts of rhodophyte accumulations 
on sediment-water nutrient flux. In addition, those experiments investigating the impacts of 
macroalgal accumulations on sediment-water nutrient exchange often apply quantities of 
algae that are not ecologically relevant to abundances observed in many soft-sediment 
environments; they are usually much higher than naturally occurring densities (e.g. Lavery 
and Mccomb, 1 991 ; Sundback et al. , 1 990; Hull, 1 987). 
Consequently, this chapter was designed to investigate the impacts of Graci/aria comosa 
accumulations, at depths and densities observed in the Swan-Canning Estuarine System , 
employing this species as it was shown in Chapter 3 that it dominated both spatially and 
temporally in this system. Recently, the system was identified as nitrogen lim ited (Thompson 
and Hosja, 1 996). Thus, it was of interest to determine if the presence of macroalgal 
accumulations might facilitate sediment nutrient remineralisation. Also, if regeneration of 
inorganic nitrogen in the sediments and advection into the water column may be a source for 
primary producers th�t would otherwise be nitrogen -l imited, particularly in summer months. 
This would be a management consideration of potentially great significance to the system 
(Thompspn and Hosja, 1 996). 
Two laboratory-based experiments were designed. The first was undertaken to determine if 
the height of a macroalgal layer affected sediment-water nutrient flux of inorganic nitrogen 
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and phosphorus, both essential primary producer nutrients. The second was undertaken to 
determine if the density of the macroalgal layer affected sediment-water nutrient flux of 
inorganic nitrogen and phosphorus, and if sediment-water nutrient exchange varied according 
to the organic content of the sediment. Theoretically, increasing macroalgal density would 
impede upward diffusion of water through the accumulation, and therefore water column 
nutrient concentrations. In both cases the heights and densities were ecologically relevant. 
4.2 MATERIALS and METHODS 
4.2.1 EXPERIMENTAL DESIGN 
The first experiment investigated impacts of macroalgal accumulation height on sediment­
water nutrient exchange. Thus, the null hypothesis being tested was: 
The height of macroalgal accumulations does not affect the influence of macroalgal 
accumulations on sediment-water nutrient exchange. 
To test this hypothesis, four treatments were established, each with four replicates (Table 
4. 1 ) . In two treatments, sediment was overlaid with either a low (low height = LH) or high 
layer (high height = HH) of macroalgae, and water, in perspex cores (9.5cm i.d.). The low 
macroalgal layer was 5cm in height, and the high layer was 10cm in height. These heights 
were determined from surveys of accumulations in the Swan-Canning Estuarine System 
(Chapter 3). The third treatment had no algae (sediment and water only), and the fourth was 
simply estuarine water, which served as a control for changes in water column nutrient 
concentrations as a result of planktonic activity. In each treatment the following variables 
were measured: ammonium, nitrite/nitrate (hereafter referred to as nitrate), and 
orthophosphate concentrations, in the water column and oxic/anoxic porewaters, and the 
dissolve� oxygen concentration above the sediment surface. The design of the experiment 
corresponded to two one-factor ANOVAs (Tables 4. 1 and 4.2). The significance of the factors 
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algal height and sediment type, were analysed for separately so as to increase the power of 
analyses. 
TABLE 4. 1 :  One-way Repeated Measures ANOVA design applied for experiment 1 ,  
investigating the impacts of macroalgal accumulation height on water column nutrient 
concentrations. Treatments for algal height were ( 1 )  water only, (2) sediment only, (3) 
sediment + LH algae, and (4) sediment + HH algae. 
FACTOR TREATMENT 
TIME 2 3 4 5 6 7 8 9 
ALGAL HEIGHT 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 4 5 1 2 3 4 1 2 3 4 
REPLICATION 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
TABLE 4.2: One-way Repeated Measures ANOVA design applied for experiment 1 ,  
investigating the impacts of macroalgal accumulation height on porewater nutrient 
concentrations. 
FACTOR TREATMENT 
ALGAL HEIGHT Sediment day 1 Sediment Only day 7 Sediment+ LH algae day 7 Sediment+ H H algae day 7 
SEDIMENT 
LAYER 
REPLICATION 
oxlc 
4 
anoxlc 
4 
Oxlc anoxlc 
4 4 
oxlc Anoxlc oxlc anoxlc 
4 4 4 4 
The second experiment investigated impacts of macroalgal accumulation density on 
sediment-water nutrient exchange, and how impacts varied between different sediment types, 
in particular, considering sediment organic content. Thus, the null hypothesis for this 
experiment was: 
The density of macroalgal accumulations does not affect the impacts of accumulations on 
sediment-water nutrient release. 
To test this hypothesis 7 treatments were established, each with 3 replicates. In two 
treatments, sediment was overlaid with either a low (LD), or high (HD), density layer of 
macroalgae, and water, in perspex cores (9cm i.d.). High and low densities of macroalgae 
were established by adding the same biomass of algae to a treatment (100g fwt), which was 
then either compacted to a height of 5cm, or not compacted and left at a height of 15cm. In 
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addition to the two 'sediment + algae' treatments, two treatments containing only algae at 
both low and high densities, were assembled to control for nutrient release from the 
macroalgal layer. Another treatment contained only sediment and was used to control for 
sediment nutrient release with no macroalgal layer. Finally, a treatment of water only was 
employed as a control for changes in water colum n nutrient concentrations. 
To test for the effect of sediment type, the experiment was conducted on two sediment types 
of varying organic content. The two sediment types were collected from Nile St in  the Swan 
River, and Pelican Rocks in the Swan-Canning Basin (Figure 4. 1 ). It had been previously 
determined that sediment from the site Nile St had higher organic content than sediment from 
the Pelican Rocks site (Figure 4. 12). 
The statistical designs for analyses of this experiment were exactly the same as those used 
for the height experiment (Table 4.2). The designs were used to analyse data from Nile St 
sediment treatments and Pelican Rocks sediment treatments separately, using one-way 
repeated measures ANOVAs. This was done in preference to analysing treatments of both 
sediment types simultaneously in a multi-factor design, so as to increase the power of the 
analyses. 
TABLE 4.3: One-way Repeated Measures ANOVA design applied for experiment 2, 
investigating the impacts of macroalgal accumulation density on water column nutrient 
concentrations. Algal density treatments were (1 )  water only, (2) sediment only, (3) LD algae 
only, (5) HD algae only, (6) sediment + LD algae, and (7) sediment + HD algae. Although 
only one day has been included in the table for presentation purposes, all seven experimental 
days were included in the analyses. 
FACTOR TREATMENT 
TIME 1 (x 7 days) 
ALGAL DENSITY 2 4 5 6 7 
REPLICATES 3 3 3 3 
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5 Kilometres 
FIGURE 4. 1: The Swan-Canning Estuarine System, with locations Nile St and Pelican Rocks 
marked, at which biological material for experiments 1 and 2 was collected. 
TABLE 4.4: One-way Repeated Measures ANOVA design applied for experiment 2, 
investigating the impacts of macroalgal accumulation density on porewater nutrient 
concentrations. The treatments for algal density are (1 )  sediment initial (measured day 0), (2) 
sediment only, (3) sediment + LD algae, and (4) sediment + HD algae. The treatments for 
sediment layer are (1 )  oxic and (2) anoxic. 
FACTOR TREATMENT 
ALGAL DENSITY 2 4 
SEDIMENT LAYER 2 2 2 2 
REPLICATION 3 3 3 3 3 3 3 3  
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4.2.2 COLLECTION OF BIOLOGICAL MATERIAL AND ASSEMBLY OF TREATMENTS 
Sediment samples were obtained from Pelican Rocks for the height experiment, and from 
both Nile St and Pelican Rocks for the density experiment, using 9.5cm (i.d.) perspex cores to 
a depth of 10cm. Additional sediment samples were collected for pre-experimental pore 
water analysis. The rhodophyte Graci/aria comosa was used in macroalgal treatments. The 
plants were col lected by hand, placed in water-filled bags, and kept on ice during transport to 
the laboratory. Water was collected in large, acid-washed, polyethylene containers. All 
biological material was returned to the laboratory within 1 h of collection. 
In the laboratory, overlying water of the sediment cores was siphoned off, and replaced with 
collected water that had been filtered (Whatman, 0.45µm), to a height of approximately 45cm 
above the sediment surface. All water was filtered to reduce plankton densities in  the water 
column and minimise their effect on nutrient concentrations during the expe_riments. 
In the height experiment, G. comosa plants were added at approximately 30g fwt in 'sediment 
+ LH algae' treatments, and at approximately 60g fwt in 'sediment + HH algae' treatments 
(Figure 4.6, Section 4.3). These biomass values were equivalent to heights of approximately 
5 and 10cm , respectively, and had been determined from seasonal surveys of macroalgal 
biomass in the Swan-Canning Estuarine System (see Chapter 3). 
In the density experiment, macroalgal biomass of approximately 100g fwt was added to all 
macroalgal treatments. In low density treatments, the height of the algal layer was 
approximately 15cm (Figure 4. 14, Section 4.3). In high density treatmerts (high density = 
HD), the algal layer was compacted to approximately 5cm by compressing the layer with 
Gutter GuarcfTM, a coarsely criss-crossed plastic with open squares of approximately 1cm x 
1 cm dimensions. Gutter GuarcfTM was used as it al lowed incident light to reach the surface of 
the macroalgal layer, and permitted water exchange between the algae and the overlying 
water column. This experiment was conducted for 7 days in November 1 996, when ambient 
water temperatures were approximately 22°c. 
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A layer of black plastic was wrapped around perspex incubation cores up to the sediment 
surface in 'sediment only' treatments, and mid-way up the macroalgal layer in macroalgal 
treatments. All treatments were aerated with an airstone placed mid-way through the water 
column, avoiding sediment resuspension. This also provided mixing of the water column. 
Treatments were maintained under a 12h: 12h L:D regime, at constant irradiances 
(1200µE/m2/s) and temperatures (18 and 22°C ± 2°C, for height and density experiments, 
respectively). These irradiances and temperatures were similar to those recorded in situ for 
this period of the year (September). 
4.2.3 SAMPLING & ANALYSIS 
Water samples were taken daily using a 50ml syringe, with a length of plastic tubing attached 
to the nozzle. In the height experiment, water treatments were sampled at the top and bottom 
of the water column for evidence of stratification over the experimental peri�d. Sediment 
treatments were sampled just above the sediment surface only, for 9 days. Algal treatments 
were sampled inside the algal layer (=bottom), and just above the algal layer (=top). As no 
stratification was observed in the height experiment, water treatments of the density 
experiment were sampled at one point only, mid-way through the water column. Sediment 
and algal treatments were sampled as in the height experiment for 7 days. Water samples 
were fi ltered (Whatman, 0.45µm), stored in Whirlpaks™ , frozen and analysed within one 
month for ammonium, nitrate, and orthophosphate. Ammonium was measured using the 
Automated Phenate method, nitrate using the Automated Cadmium Reduction method, and 
orthophosphate using the Automated Ascorbic Acid method (APHA, 1992), on a Skalar 
Autoanalyser. Dissolved oxygen concentrations were measured just above the sediment 
surface on day 7 of each experiment with a WTW Oxy 320 meter, to ensure oxygen was 
penetrating to the bottom of the water column. 
Sedimen� porewater was extracted separately from the oxic and anoxic zones of the sediment 
core where both were present, using a sediment squeezer (Wildco 2214 -c30) at an operating 
pressure of approximately 100psi. Oxic and anoxic zones were differentiated by sight, 
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determined by a sudden darkening of the sediment. Porewater was filtered (Whatman, 
0.45µm), diluted 1 :20, stored in Whirlpaks™ , frozen for no more than one month, and 
analysed for ammonium, nitrate, and orthophosphate according to the aforementioned 
methods. Dilutions were made to provide sufficient volume and to facilitate the accurate 
determination of nutrient concentrations. 
Macroalgal biomass was determined by drying algal material at 70-80°C for two days, upon 
completion of experiments. Biomass was expressed as g dwt. Dried tissue was analysed for 
total phosphorus content using the perchloric acid digestion method (APHA, 1 992). 
Sediment organic content was determined by drying sediment at 100°c for 2 days, then 
combusting at sso0c for 12h. Organic content was measured as loss on ignition (%LOI), the 
difference in weight before a nd after combustion at sso0c, as a percentage. 
4.2.4 Data Analysis 
The data were analysed using repeated measures ANOVA to determine significant 
differences between treatments. Tests to determine normality and homogeneity of variance 
in the data were conducted prior to analyses, using the Hartley F-Max Statistic, the Cochran 
C statistic, and the Bartlett Chi-square test (Statistica, 1 995). Data found to be not normally 
distributed were log-transformed prior to analyses. For both experiments, all water column 
nutrients measured over the experimental period were analysed using one-way Repeated 
Measures ANOVAs, where the factors were treatment and time. Porewater nutrient 
concentrations were compared using a one -way ANOVA, where sediment layer (oxic, anoxic) 
and treatment were the independent factors. As porewater samples could only be taken from 
treatments after the experimental period, changes over time could not be assessed. 
However, a porewater sample was taken from additional sediment samples prior to 
experimentation, and these concentrations were compared with those after 7 days. Thus, in 
the height experiment independent variables were treatment and time in water column 
analyses, and treatment and sediment layer in porewater analyses. Dependent variables 
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were oxygen concentrations and water column, porewater, and tissue nutrient concentrations. 
In the density experiment, independent variables were treatment and time in water column 
analyses, and treatment and sediment layer in porewater analyses. Dependent variables 
were oxygen concentrations, sediment organic content, and water column and porewater 
nutrient concentrations. 
4.3 RESULTS 
4.3. 1 Experiment 1 - Impacts of Macroa/ga/ Height on Sediment-Water Nutrient 
Exchange 
WATER COLUMN 
Generally, water column concentrations of the inorganic nutrients nitrate, a"!lmonium, and 
orthophosphate showed similar trends. Concentrations were lowest in the 'water only' 
treatment, higher in the 'sediment only' treatment, and highest in the 'sediment + algae' 
treatments, where concentrations were generally highest in the treatments with high 
macroalgal layers. 
Nitrate 
The presence of a macroalgal layer generally increased nitrate concentrations in the overlying 
water, with nitrate concentrations highest over sediment covered by the deepest algal layer 
(Figure 4.2a-c). Differences in nitrate concentrations were significantly different between 
treatments, over time, and the interaction of these two factors indicating that the effect of the 
treatment was not immediate but became apparent over time (Table 4.5). In the 'water only' 
treatment, nitrate concentrations decreased from approximately 1 130µg/L of N03, to 
approximately 120µg/L N03 over the 9 days. All other treatments ranged between 800 and 
1200µg/L N03 over the nine days of sampling. Post-hoe analyses found no significant 
difference between nitrate concentrations at the top and bottom of treatments, indicating no 
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vertical stratification (Table 4.6). The presence of macroalgae and its height appeared to 
affect nitrate concentrations. Post-hoe analyses revealed nitrate concentrations were 
significantly higher in the 'sediment + HH algae' treatment than in the 'sediment + LH algae' 
and 'sediment only' treatments (Table 4.6). However, there was no significant difference in 
nitrate concentrations between the 'sediment only' treatment and the 'sediment + LH algae' 
on day 9. 
Ammonium 
There were significant differences in ammonium concentrations between treatments, with 
water column concentrations greatest over sediment with the deepest algal layer (Table 4.5). 
Ammonium concentrations varied significantly over time, with concentrations at the 
commencement and termination of sampling ranging between 230 and 450 µg/L NH4 (Figure 
4.3a-c). In addition, the interaction of time and treatment was significant ("1:'able 4.5). 
Ammonium concentrations decreased in the 'water only' treatment from approximately 
150µg/L NH4 to 5µg/L NH4 by day 9, at both the top and bottom of the water column. Post­
hoe analyses found no significant difference between surface and bottom ammonium 
concentrations in other treatments, and no significant differences were found in ammonium 
concentrations between the treatments 'sediment + HH algae', 'sediment + LH algae' , and the 
'sediment only' treatment on day 9 (Table 4.6). 
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FIGURE 4.2a-d: Effect of presence of algal and algal layer height (LH - low height, and HH -
high height), on mean nitrate concentrations (in µg/L) at the top ( - ) and the bottom (----) of 
the water column. Treatments without algae [(a) water only and (b) sediment only], and 
treatments with algae [(c) sediment + LH algae and (d) sediment + HH algae] over the 
experimental period of 9 days (n=4) ± SE. 
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TABLE 4.5: Results of ANOVAs of all experimental parameters measured in teatments 
during the effect of height experiment (* = <0.05, ** = <0.01 , ** = < 0.001 , NS = not 
significant). 
VARIABLE FACTORS d.f. F MS p-level 
WATER COLUMN 
Nitrate treatments 3, 64 13.781919 3.952386 .. 
time 8, 64 9.78494 0.264930 . 
interaction 24, 64 1 1 .99340 0.324724 
Ammonium treatments 3, 64 5.807742 51.30942 
time 8, 64 3.837058 1.64168 -
interaction 24, 64 1 .799720 0.77001 . 
Phosphate treatments 3, 64 5.526985 17.38513 
time 8, 64 9.683140 2.61910 
interaction 24, 64 3.214470 0.86945 
POREWATER 
Nitrate treatments 3, 16  42.55357 5.609787 
sediment layer 1 ,  16 0.02558 0.003372 NS 
interaction 3, 16 2.23903 0.295168 NS 
Ammonium treatments 3, 16 9.68715 0.668485 
sediment layer 1 , 16 12.96426 0.894630 
interaction 3, 16  0.49418 0.034102 NS 
Phosphate treatments 3, 16  59.33464 17.92495 
sediment layer 1 ,  16  3.2358 0.97753 NS 
Interaction 3, 16  0.08373 0.02529 NS 
TISSUE PHOSPHORUS CONTENT 
Day O vs Sediment + high algae day 9 treatments 1 ,  6 6.64 1.53 
Sediment + low algae vs treatments 1 ,  6 1 1 .571 2.67 
sediment + high algae 
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TABLE 4.6: Results of post-hoe analyses of all experimental parameters measured in 
treatments during the experimental period (* = <0.05, ** = <0.01 , ** = < 0.001 , NS = not 
significant). 
VARIABLE FACTORS d.f. F MS p-level 
WATFR r.nt I/MN 
Nitrate 
Water only Top vs bottom 1, 16 0.791 34494.44 NS 
Sediment + LH algae Top vs bottom 1, 16 0.058 2548.02 NS 
Sediment + HH algae Top vs bottom 1, 16 0.045 1960.82 NS 
Water Only vs Sediment Only Treatments 1 ,  8 9.744865 2.794639 .. 
Water Only vs Sediment + LH algae Treatments 1, 8 15.95003 4.574161 .. 
Water Only vs Sediment + HH algae Treatments 1, 8 40.29.35 1 1 .55449 -
Sediment Only vs Sediment + LHalgae Treatments 1, 8 0.760510 0.218100 NS 
Sediment Only vs Sediment + HH algae Treatments 1, 8 10.40573 2.984161 
Sediment + LH algae vs Sediment + HH algae Treatments 1, 8 5.539991 1 .588762 
Ammonium 
Water only Top vs bottom 1, 16 0.009 445.68 NS 
Sediment + LH algae Top vs bottom 1, 16 0.517 2444.82 NS 
Sediment + HH algae Top vs bottom 1, 16 0.11 522.15 NS 
Water Only vs Sediment Only Treatments 1 ,  8 4.109513 36.30614 NS 
Water Only vs Sediment + LH algae Treatments 1 ,  8 9.555402 84.41871 * 
Water Only vs Sediment + HH algae Treatments 1 ,  8 15.60967 137.9061 
Sediment Only vs Sediment + LH algae Treatments 1 ,  8 1 .132071 10.00146 NS 
Sediment Only vs Sediment + HH algae Treatments 1 ,  8 3.700674 32.69419 NS 
Sediment + LH algae vs Sediment + HH algae Treatments 1 ,  8 0.739128 6.529944 NS 
Phosphate 
Water only Top vs bottom 1, 16 0.0002 1 .292 NS 
Sediment + LH algae Top vs bottom 1, 16 0.213 1269.6 NS 
Sediment + HH algae Top vs bottom 1, 16 1 1 .739 69836.82 
Water Only vs Sediment On� Treatments 1 ,  8 0.394952 1 .242323 NS 
Water Only vs Sediment + LH algae Treatments 1 ,  8 3.811598 1 1 .98938 NS 
Water Only vs Sediment + HH algae Treatments 1 ,  8 14.13364 44.45737 
Sediment Only vs Sediment + LH algae Treatments 1 ,  8 1 .752656 5.512978 
Sediment Only vs Sediment + HH algae Treatments 1 ,  8 9.803296 30.83627 
Sediment + LH algae vs Sediment + HH algae Treatments 1, 8 3.265764 10.27246 NS 
POREWATER 
Nitrate 
Sediment only Initial vs Sediment only day 9 Treatments 1 , 16  3.492327 0.460389 .. 
Sediment only Initial vs Sediment + LH algae Treatments 1, 16 49.4291 6.516181 
Sediment only Initial vs Sediment + HH algae Treatments 1, 16 47.02449 6.199184 -
Sediment only day9 vs Sediment + HO algae Treatments 1, 16 76.14687 10.03835 
Sediment only day 9 vs Sediment + LO algae Treatments 1 ,  16 79.19862 10.44066 -
Sediment + LH algae vs Sediment + HH algae Treatments 1 ,  16 0.029978 0.003952 NS 
Ammonium 
Sediment only initial vs Sediment only day 9 Treatments 1 , 16 0.991743 0.68438 NS 
Sediment only initial vs Sediment + LH algae day 9 Treatments 1 , 16 12.19026 0.841218 
Sediment only Initial vs Sediment + HH algae day 9 Treatments 1 , 16 8.813483 0.608196 -
Sediment only day9 vs Sediment + HO algae Treatments 1 ,  16  15.71817 1 .084670 
Sediment only day 9 vs Sediment + LO algae Treatments 1 , 16  20.13602 1 .389535 
Sediment + LH algae vs Sediment + HH algae Treatments 1, 16 0.273219 0.018854 NS 
Phosphate 
Sediment only Initial vs Sediment only day 9 Treatments 1, 16 77.83369 23.5135 
Sediment only initial vs Sediment + LH algae day 9 Treatments 1, 16 126.0283 38.07305 
Sediment only Initial vs Sediment + HH algae day 9 Treatments 1, 16 137.644 41.58216 -
Sediment only day9 vs Sediment + HO algae Treatments 1 ,  16 137.644 41.58216 
Sediment only day 9 vs Sediment + LO algae Treatments 1, 16 5.778692 1.745739 * 
Sediment + LH algae vs Sediment + HH algae Treatments 1, 16 0.255983 0.077332 NS 
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FIGURE 4.3a-c: Effect of presence of algal and algal layer height (LH - low height, and HH -
high height), on mean ammonium concentrations (in µg/L) at the top ( - )  and the bottom (-­
--) of the water column. Treatments without algae [(a) water only and (b) sediment only], and 
treatments with algae [(c) sediment + LH algae and (d) sediment + HH algae) over the 
experim�ntal period of 9 days (n=4) ± SE. 
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Phosphate 
Phosphate concentrations in treatments with an algal layer where significantly higher than in 
treatments without an algal layer (Figure 4.4a-c). Analyses revealed significant differences in 
phosphate concentrations between treatments over time, and the interaction of these two 
variables was also significant, showing that the effect of treatment was confounded by time 
(Table 4.5). Phosphate concentrations were lowest in the 'water only' treatment -
approximately 6Q.tg/L P04 on day 0, decreasing to approximately 20µg/L P04 by day 9. 
Concentrations in  the 'sediment only' treatment were slightly higher, ranging between 60µg/L 
P04 on day 0, and 40µg/L P04 on day 9. Post-hoe analyses revealed 'sediment + algae' 
treatments had significantly higher phosphate concentrations than the 'sediment only' 
treatment on day 9 (Table 4.6), increasing from approximately 120 - 140µg/L P04 at the start 
of the experiment, to approximately 20Q..tg/L P04 at the end of the experiment (Table 4.6). 
There was no vertical stratification in phosphate concentrations in all treatments, with the 
exception of the 'sediment + HH algae' treatment where phosphate concentrations were 
significantly higher at the sediment surface (Table 4.6). 
POREWATER 
The treatments with algae showed higher porewater nutrient concentrations than those 
without algae at the end of the experimental period. However, there were no significant 
differences in porewater nutrient concentrations between LH and HH algal treatments (Table 
4.6). 
Nitrate 
Porewater nitrate concentrations were significantly different between sediment measured on 
day 0, arid the 'sediment only' treatment on day 9 (Table 4.5). The ritrate concentration in  
the oxic and anoxic layers of sediment measured on day O were 365 and 450µg/L N03, 
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FIGURE 4.4a-c: Effect of presence of algal and algal layer height (LH - low height, and HH -
high height), on mean phosphate concentrations (in µg/L) at the top ( - ) and the bottom (--­
-) of the water column. Treatments without algae [(a) water only and (b} sediment only], and 
treatments with algae [(c) sediment + LH algae and (d) sediment + HH algae] over the 
experimer:ital period of 9 days (n=4) ± SE. 
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respectively, and on day 9, were 365 and 190µg/L N03, respectively, showing a decrease in 
the anoxic zone (Figure 4.5a). Post-hoe analyses found porewater nitrate concentrations in 
'sediment + algae' treatments after 9 days were significantly higher than in sediment 
measured on day O (Table 4.6). However, there was no significant difference between 
'sediment + LH algae' treatment and 'sediment + HH algae' treatments on day 9 (Table 4.6). 
Ammonium 
Porewater ammonium concentrations were significantly different between treatments, and 
between oxic and anoxic regions of the sediment (Table 4.5). Porewater concentrations on 
day O and in the 'sediment only' treatment on day 9, were approximately the same at 1 740 to 
2030µg/L NH4 in the oxic layer, and 3090 to 2270µg/L NH4 in the anoxic layer (Figure 4.5b). 
Ammonium concentrations in the porewater of 'sediment + algae' treatments were 
approximately 330�g/L NH4 in the oxic sediment layer, and 470�g/L NH4 in the anoxic 
sediment layer. These concentrations were significantly higher than those measured in 
sediment on day O and in the 'sediment only' treatment on day 9 (Table 4.6). 
Phosphate 
Porewater phosphate concentrations increased in all treatments over the experimental period, 
with significant differences between treatments (Table 4.5). Concentrations measured in the 
sediment on day O were approximately 2 and 4µg/L P04, in the oxic and anoxic sediment 
layers, respectively (Figure 4.5c). At day 9, phosphate porewater concentrations in the oxic 
and anoxic layers of 'sediment only', 'sediment + LH algae' , and 'sediment + HH algae' 
treatments were approximately 50 and 60µg/L P04, 165 and 120µg/L P04, and 100 and 
1 70µg/L P04, respectively. Concentrations in 'sediment + algae' treatments were higher on 
day 9 than porewater phosphate concentrations measured in sediment on day O and the 
'sediment only' treatment on day 9 (Post-hoe testing; Table 4.6). 
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FIGURE 4.Sa-c: Effect of presence of algal layer and (LH - low height, and HH - high height), 
on mean porewater nitrate (a), ammonium (b), and phosphate (c) concentrations (in µg/L), in 
the oxic ( : ) and anoxic ( ? ) layers of the sediment, in sediment on day O ([INTIAL]), and all 
treatments at the end of the experimental period ([FINAL]) (n=4) ±SE. 
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MACRO ALGAE 
Figure 4.6 shows the amount of macroalgae applied to 'sediment+ HH algae' and 'sediment 
+ LH algae' treatments. Mean biomasses for these two treatments were 6. 1 and 3.4g dwt, 
respectively. Total phosphorus concentrations of algae measured initially and the treatments 
'sediment + HH algae' and 'sediment+ LH algae' at day 9, were 1.6, 2.6, and 1.5mg/g, 
respectively (Figure 4.7). Tissue phosphorus concentrations were significantly higher in algae 
from the 'sediment + HH algae' treatment, than in the 'sediment + LH algae' treatment, by day 
9 (Table 4.5). The tissue phosphorus concentration of algae from the 'sediment+ HH algae' 
treatment was significantly higher than that measured in algal tissue on day O (Table 4.5). 
SUMMARY 
In summary, the height experiment showed that sediment cores overlain with a high 
macroalgal layer had higher nitrate and phosphate concentrations in the water column and in 
the sediment porewater, than sediment cores not covered with algae or with a shallower algal 
layer. Water column ammonium concentrations were not significantly affected. However, 
higher porewater nutrient concentrations were observed in sediment treatments with an algal 
layer present, regardless of height. The tissue phosphorus concentration in algae of the 
'sediment + HH algae' treatment was higher after 9 days, than either algae measured on day 
0, or of algae in the 'sediment+ LH algae' measured at day 9. 
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FIGURE 4.6: Mean macroalgal biomass (in g dwt) applied to experimental treatments with a 
low algal layer 'sediment+ LH algae' , and a high algal layer 'sediment+ HH algae' (n=4) ± 
SE. 
4.3.2 Experiment 2 - Impacts of Density of Macroalgal Layer on Sediment-Water 
Nutrient Exchange 
WATER COLUMN 
Water column concentrations of nitrate, ammonium, and orthophosphate all increased over 
the experimental period, in both treatments and controls. Inorganic nitrogen concentrations 
(N03 and NH4) were highest in the 'sediment + algae' treatments, while phosphate 
concentrations were lowest in this treatment. Treatments with Nile St (organically rich) 
sediment treatments had higher inorganic nutrient concentrations in the water column than 
Pelican Rocks sediment treatments at the end of the experiment. 
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Nitrate 
Water column nitrate concentrations were significantly different between treatments, over 
time, and the interaction of these two factors was significant for treatments of both sediment 
types (Tables 4. 7 and 4.8). The significant effect of time appears to reflect a consistent 
increase in nitrate concentrations in all treatments and controls over the experimental period. 
Nitrate concentrations were significantly higher in ' sediment + algae' treatments than 
' sediment only' treatments, for both sediment types. There was no significant difference 
between the nitrate concentrations of high and low density treatments of Nile St sediment, 
however, nitrate concentrations did differ between these treatments when Pelican Rocks 
sediment was used (Tables 4.9 and 4.10, and Figure 4.8a-h). Also, there were no significant 
differences between 'algae only' treatments and 'sediment + algae' treatments for both 
sediment types (excepting ' LD algae only' vs 'Pelican Rocks sediment+ LD algae'). Nitrate 
concentrations increased in all treatments and controls over the experimental period, and 
were approximately 5 - 50µg/L N03 for the 'water only' treatment, all Pelican Rocks sediment 
treatments, and in ' algae only' treatments. However, nitrate levels in Nile St sediment 
treatments were between 5 and 200 µg/L N03 in ' algal only' treatments, and over 70Q.tg/L 
N03 in the sediment only treatment on day 7. 
Ammonium 
Water column ammonium concentrations were significantly different between treatments and 
over time for both sediment types with the interaction of these two factors significant for Nile 
St sediment treatments only (Tables 4. 7 and 4.8). For treatments using Pelican Rocks 
sediments, the presence of algae over the sediment made no difference to overlying 
ammonium concentrations (Table 4.10 and Figure 4.9a-h). This was also the case for Nile St 
sediment with a high density algal layer, while there was a significant difference in the 'LD + 
sedimenf treatment (Table 4.10). Ammonium concentrations in both 'Nile St sediment only' 
and 'Nile St sediment+ HD algae' treatments increased at a greater rate than ammonium 
concentrations in the 'Nile St+ 
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FIGURE 4.7: Changes in mean total phosphorus concentrations of macroalgae (in mg/g) over 
the experimental period, measured in algal tissue on day O ([INITIAL]), and in algal tissue of 
experimental treatments with a low algal layer (sediment+ LH) and with a high algal layer 
(sediment+ HH) on day 9 ([FINAL]) (n=4) ± SE. 
LD algae' treatment. This was supported by post-hoe analyses showing significant 
differences in ammonium concentrations between 'Nile St sediment+ LD algae' and the 
treatments 'Nile St sediment only' and 'Nile St sediment + HD algae' (Table 4.9). However, 
there was no significant difference in ammonium concentrations between 'Nile St sediment 
only' and 'Nile St sediment+ HD algae' treatments. No significant differences were found 
between ammonium concentrations of 'algae only' controls and 'Nile St sediment + LD algae' , 
while concentrations of the 'Nile St sediment+ HD algae' treatment were higher than both 
' algae only' controls (Table 4.9). There were no significant differences in ammonium 
concentrations between ' algae only' , 'sediment only' , and 'sediment + algae' treatments of 
Pelican Rocks sediment (Table 4.10). Generally, ammonium concentrations were lowest in 
the 'water only' treatment, at approximately 5 - 25µg/L NH4. Ammonium concentrations were 
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higher in all other treatments, increasing with time. Generally, concentrations were between 
250 and 500µg/L NH4, although ammonium concentrations of over 2000µg/L NH4 were 
observed, particularly in 'HD algae' treatments. 
TABLE 4.7: Results of repeated measures ANOVAs of data for Pelican Rocks sediment 
treatments, testing for the effect of algal density and sediment layer on water column nutrient 
concentrations (* = <0.05, ** = <0.01, *** = <0.001, NS = not significant). 
VARIABLE FACTORS d.f. F MS p-level 
WATER COLUMN 
Nitrate Treatments 5, 72 27.23450 13.15455 *** 
time 6, 72 27.31474 9.08052 *** 
Interaction 30, 72 1 .57047 0.52209 
Ammonium Treatments 5, 72 5.80388 37.14289 
time 6, 72 10.44061 8.63318 *** 
Interaction 30, 72 1 .45150 1 .20022 NS 
Phosphate Treatments 5, 72 22.54131 42.38496 
time 6, 72 13.03864 7.46713 
Interaction 30, 72 1 .91997 1.09955 
POREWATER 
Nitrate Treatments 3, 1 6  9.674536 1 .460795 
Sediment layer 1 ,  1 6  3.411095 0.515054 NS 
Interaction 3, 1 6  1 .352103 0.204159 NS 
Ammonium Treatments 3, 1 6  1 .493704 0.488313 NS 
Sediment layer 1, 16  0.836822 0.273569 NS 
Interaction 3, 16 2.037312 0.666026 NS 
Phosphate Treatments 3, 16 7.808959 2.101191 
Sediment layer 1 , 16 7.665154 2.062497 
Interaction 3, 16 1 .771271 0.476604 NS 
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TABLE 4.8: Results of post-hoe analyses for experimental parameters measured over the 
experimental period for Nile St sediment treatments only (*=<0.05, **=<0.01, ***=<0.001, 
NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level 
W/1 TFQ r:nt I IMI\I tJitr:do 
Water only vs LO algae only Treatment 1, 1 2  3.38409 12.05942 NS 
Water only vs HO algae only Treatment 1, 12  2.03157 7.23965 NS 
Water only vs sediment only Treatment 1, 12  50.1641 178.7631 
Water only vs sediment + LO algae Treatment 1, 12  7.77504 27.70686 
Water only vs sediment + HO algae Treatment 1 , 1 2  9.66533 34.44301 
LO algae only vs HO algae only Treatment 1, 12  0.17160 0.61153 NS 
LO algae only vs sediment only Treatment 1, 12  27.4898 97.96175 
LO algae only vs sediment + LO algae Treatment 1, 12  0.90019 3.20791 NS 
LO algae only vs sediment + HO algae Treatment 1, 12  1.61117  5.74153 NS 
HO algae only vs sediment only Treatment 1, 12  32.0054 1 14.0532 
HO algae only vs sediment + LO algae Treatment 1, 12  1 .85788 6.62069 NS 
HO algae only vs sediment + HO algae Treatment 1 ,  12  2.83443 10.10068 NS 
Sediment only vs sediment + LO algae Treatment 1, 12  18.4409 65.71533 
Sediment only vs sediment + HO algae Treatment 1, 12  15.7907 56.27120 
Sediment + LO algae vs sediment + HO algae Treatment 1, 12  0.10274 0.36613 NS 
Ammonium 
Water only vs LO algae only Treatment 1 , 1 2  1 1 .5226 68.18581 
Water only vs HO algae only Treatment 1, 12  8.69105 51.42966 
Water only vs sediment only Treatment 1, 12  45.1108 266.9452 
Water only vs sediment + LO algae Treatment 1 , 12 12.3023 12.79936 
Water only vs sediment + HO algae Treatment 1, 12  34.4017 203.5739 
LO algae only vs HO algae only Treatment 1, 12  0.19931 1 .17945 NS 
LO algae only vs sediment only Treatment 1, 1 2  1 1.0353 65.30235 
LO algae only vs sediment + LO algae Treatment 1 , 1 2  0.12760 0.075506 NS 
LO algae only vs sediment + HO algae Treatment 1, 12  6.10484 36.12566 
HO algae only vs sediment only Treatment 1 ,  12  14.2008 84.03407 
HO algae only vs sediment + LO algae Treatment 1 ,  12  0.31293 1 .851795 NS 
HO algae only vs sediment + HO algae Treatment 1, 12  8.51031 50.36010 
Sediment only vs sediment + LO algae Treatment 1, 12  10.2976 60.93681 
Sediment only vs sediment + HO algae Treatment 1, 12  0.72446 4.287073 NS 
Sediment + LO algae vs sediment + HO algae Treatment 1, 12  5.55940 32.89801 
Phosohate 
Water only vs LO algae only Treatment 1, 12  16.9680 31.90535 
Water only vs HO algae only Treatment 1 , 1 2  14.3904 27.05872 
Water only vs sediment only Treatment 1, 12  99.8319 187.7165 
Water only vs sediment + LO algae Treatment 1, 12  4.92844 9.267071 
Water only vs sediment + HO algae Treatment 1, 12  8.15941 15.34233 
LO algae only vs HO algae only Treatment 1 ,  12  0.01190 0.022393 NS 
LO algae only vs sediment only Treatment 1, 12  34.4847 64.84250 
LO algae only vs sediment + LO algae Treatment 1 ,  12  3.60701 6.782356 NS 
LO algae only vs sediment + HO algae Treatment 1, 12  1.59455 2.998276 NS 
HO algae only vs sediment only Treatment 1, 12  26.4533 49.74081 
HO algae only vs sediment + LO algae Treatment 1, 12  3.26828 6.145424 NS 
HO algae only vs sediment + HO algae Treatment 1, 12  1 .53406 2.884536 NS 
Sediment only vs sediment + LO algae Treatment 1, 12  60.3975 1 13.5670 
Sediment only vs sediment + HO algae Treatment 1, 12  50.9100 95.72739 
Sediment + LO algae vs sediment + HO algae Treatment 1, 12  0.40507 10.761679 NS 
POREWATER Nitrate 
Sediment initial vs sediment only day 9 Treatment 1 , 32 3.42183 1 .14015 NS 
Sediment initial vs sediment + LO algae day 9 Treatment 1 , 32 0.09921 0.03306 NS 
Sediment initial vs sediment + HO algae day 9 Treatment 1 , 32 659.087 219.6062 
Sediment only day 9 vs sediment + LO algae day 9 Treatment 1 , 32 0.23557 0.78492 
Sediment only day 9 vs sediment + HO algae day 9 Treatment 1 , 32 5.06660 1 .68818 
Sediment + LO algae day 9 vs sediment + HO algae day 9 Treatment 1 , 32 0.51277 0.17085 NS 
Ammonium 
Sediment initial vs sediment only day 9 Treatment 1, 32 2.67003 0.605253 NS 
Sediment initial vs sediment + LO algae day 9 Treatment 1 ,  32 1.85278 0.419996 NS 
Sediment initial vs sediment + HO algae day 9 Treatment 1 ,  32 4.04214 0.916287 NS 
Sediment only day 9 vs sediment + LO algae day 9 Treatment 1 ,  32 0.07444 0.016876 NS 
Sediment only day 9 vs sediment + HO algae day 9 Treatment 1 , 32 0.14174 0.03213 NS 
Sediment + LO algae day 9 vs sediment + HO algae day 9 Treatment 1 , 32 0.42163 0.095578 NS 
Phosphate 
Sediment Initial vs sediment only day 9 Treatment 1 , 32 2.76267 0.748835 NS 
Sediment Initial vs sediment + LO algae day 9 Treatment 1 , 32 0.01715 0.004650 NS 
Sediment initial vs sediment + HO algae day 9 Treatment 1 , 32 0.07940 0.021522 NS 
Sediment only day 9 vs sediment + LO algae day 9 Treatment 1 , 32 2.34443 0.635469 
Sediment only day 9 vs sediment + HO algae day 9 Treatment 1 , 32 1.90535 0.516453 
Sediment + LO algae day 9 vs sediment + HO algae day 9 Treatment 1, 32 0.02274 0.006165 NS 
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Phosphate 
Unlike trends in inorganic nitrogen, the phosphate results indicate that the presence of an 
algal layer, regardless of density, lowers the concentration of phosphate in the overlying water 
compared to bare sediment treatments (Figure 4. 10a-h). Significant differences were found 
between treatments and over time, with significant interactions between these two factors, for 
both sediment types (Tables 4.7 and 4.8). Phosphate concentrations were significantly higher 
in the 'Nile St sediment only' treatment when compared to all other treatments (Table 4.9). 
However, there were no significant differences between ' algae only' controls and 'Nile St 
sediment+ algae' treatments, nor between 'Nile St sediment+ LD algae' and 'Nile St 
sediment + HD algae' . In treatments of Pelican Rocks sediment, there were no significant 
differences between 'algae only' controls, 'sediment only' , and ' sediment+ algae' treatments 
(Table 4. 10). The highest release of phosphate was observed in the 'Nile St sediment only' 
treatment, in which phosphate concentrations increased from approximately 5 to 360µg/L 
P04• This was higher than the increase in phosphate concentrations observed in the ' Pelican 
Rocks sediment only' treatment (5 to 60µg/L P04). 
POREWATER 
Porewater nutrient concentrations were variable with no clear trends and few statistically 
significant differences between treatments, or over time. These results indicate that changes 
in porewater nutrient concentrations were unaffected by the presence of an algal I ayer, 
regardless of density of the layer. 
Nitrate & Ammonium 
Significant differences were found between porewater nitrate concentrations of both Nile St 
and Pelican Rocks sediment treatments, while the sediment layer and the interaction of these 
factors 
95 
TABLE 4.9: Results of post-hoe analyses for experimental parameters measured over the 
experimental period for Pelican Rocks sediment treatments only (*=<0.05, **=<0.01, 
***=<0.001, NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level 
WA TIER COLi/MN Nitr;,tA 
Water only vs LD algae only Treatment 1 , 1 2  24.9672 12.05942 
Water only vs HD algae only Treatment 1 , 1 2  14.9886 7.239655 
Water only vs sediment only Treatment 1 , 1 2  120.1006 58.00985 
Water only vs sediment + LD algae Treatment 1, 12  5.11986 2.472947 
Water only vs sediment + HD algae Treatment 1, 12  26.9909 13.03691 
LD algae only vs HD algae only Treatment 1 , 1 2  1 .26609 0.611535 NS 
LD algae only vs sediment only Treatment 1 , 1 2  35.5492 17.17068 
LD algae only vs sediment + LD algae Treatment 1 , 1 2  7.474797 3.610406 
LD algae only vs sediment + HD algae Treatment 1 , 1 2  0.03942 0.019044 NS 
HD algae only vs sediment only treatments 1, 12  50.23306 24.26310 
HD algae only vs sediment + LD algae Treatment 1 ,  12  2.58824 1 .250147 NS 
HD algae only vs sediment + HD algae Treatment 1, 12  1.75236 0.84609 NS 
Sediment only vs sediment + LD algae Treatment 1 ,  12  75.6261 36.52823 
Sediment only vs sediment + HD algae Treatment 1 , 12 33.2209 16.04606 
Sediment + LD algae vs sediment + HD algae treatments 1, 12  8.59996 4.153872 
Ammonium 
Water only vs LD algae only Treatment 1, 12  10.6545 68.18581 
Water only vs HD algae only Treatment 1, 12  8.03630 51.42966 
Water only vs sediment only Treatment 1, 12 22.7010 145.2790 
Water only vs sediment + LD algae Treatment 1, 12  6.82618 43.68532 
Water only vs sediment + HD algae Treatment 1, 12  19.9463 127.6497 
LD algae only vs HD algae only Treatment 1 , 12 0.18429 1.179446 NS 
LD algae only vs sediment only Treatment 1 ,  12  2.251267 14.40736 NS 
LD algae only vs sediment + LD algae Treatment 1, 12  0.42437 2.715848 NS 
LD algae only vs sediment + HD algae Treatment 1, 12  1 .44478 9.246138 NS 
HD algae only vs sediment only treatments 1, 12  3.72382 23.83125 NS 
HD algae only vs sediment + LD algae Treatment 1 , 1 2  0.4934 0.315799 NS 
HD algae only vs sediment + HD algae Treatment 1, 12  2.6611 1  17.03022 NS 
Sediment only vs sediment + LD algae Treatment 1, 12  4.63050 29.63372 NS 
Sediment only vs sediment + HD algae Treatment 1, 12  0.08906 0.569960 NS 
Sediment + LD algae vs sediment + HD algae treatments 1 ,  12  3.43520 21.98418 NS 
Phosohate 
Water only vs LD algae only Treatment 1 , 12 14.5750 31 .90535 
Water only vs HD algae only Treatment 1, 12  12.3610 27.05872 
Water only vs sediment only Treatment 1, 12  29.5204 64.62135 
Water only vs sediment + LD algae Treatment 1, 12  3.57857 7.833636 NS 
Water only vs sediment + HD algae Treatment 1, 12  10.54199 23.07681 
LD algae only vs HD algae only Treatment 1, 12  0.01023 0.022393 NS 
LD algae only vs sediment only Treatment 1, 12  2.60997 5.713335 NS 
LD algae only vs sediment + LD algae Treatment 1, 12  3.70954 8.120326 NS 
LD algae only vs sediment + HD algae Treatment 1, 12  0.32591 0.713432 NS 
HD algae only vs sediment only treatments 1, 12  1 .80591 3.953211 NS 
HD algae only vs sediment + LD algae Treatment 1, 12  3.32633 7.281472 NS 
HD algae only vs sediment + HD algae Treatment 1, 12  0.37424 0.819244 NS 
Sediment only vs sediment + LD algae Treatment 1, 12  3.32633 7.281472 NS 
Sediment only vs sediment + HD algae Treatment 1, 12  4.78046 1 0.46463 NS 
Sediment + LD algae vs sediment + HD algae treatments 1, 12  1 .83637 4.019903 NS 
POREWATER Nitrate 
Sediment initial vs sediment only day 9 Treatment 1 , 32 2.22616 0.74175 NS 
Sediment initial vs sediment + LD algae day 9 Treatment 1 , 32 3.94548 1 .31462 NS 
Sediment initial vs sediment + HD algae day 9 Treatment 1 , 32 0.94050 0.31337 NS 
Sediment only day 9 vs sediment + LD algae day 9 Treatment 1 , 32 12.0989 4.03134 
Sediment only day 9 vs sediment + HD algae day 9 Treatment 1 , 32 6.06059 2.01938 
Sediment + LD algae day 9 vs sediment + HD algae day 9 Treatment 1 , 32 1 .03332 0.3443 NS 
Ammonium 
Sediment initial vs sediment only day 9 Treatment 1 , 32 0.00552 0.001251 NS 
Sediment initial vs sediment + LD algae day 9 Treatment 1 ,  32 4.04214 0.916287 NS 
Sediment initial vs sediment + HD algae day 9 Treatment 1 ,  32 1.85278 0.419996 NS 
Sediment only day 9 vs sediment + LD algae day 9 Treatment 1 ,  32 3.62483 0.82169 NS 
Sediment only day 9 vs sediment + HD algae day 9 Treatment 1, 32 3.09072 0.700616 NS 
Sediment + LD algae day 9 vs sediment + HD algae day 9 Treatment 1 ,  32 0.02127 0.004822 NS 
Phosphate 
Sediment initial vs sediment only day 9 Treatment 1, 32 3.66523 0.993477 NS 
Sediment initial vs sediment + LD algae day 9 Treatment 1, 32 6.14437 1.665458 
Sediment Initial vs sediment + HD algae day 9 Treatment 1 , 32 3.20389 0.868428 NS 
Sediment only day 9 vs sediment + LD algae day 9 Treatment 1 , 32 19.3007 5.231556 
Sediment only day 9 vs sediment + HD algae day 9 Treatment 1 , 32 13.7227 3.719608 
Sediment + LD algae day 9 vs sediment + HD algae day 9 Treatment 1 , 32 0.47450 0.128616 NS 
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FIGURE 4.8a-h: Effect of algal layer presence and density (low density - LD and high density 
- DD) on mean water column nitrate concentrations (in µg/L) over 7 days, in sediment only 
treatments for (a) Nile St sediment (- ) and (b) Pelican Rocks sediment ( ---- ), and for algal 
treatments (c-g) inside ( - ) and outside ( ---- ) algal layers (n=3) ± SE. 
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FIGURE 4.9a-h: Effect of algal layer presence and density (low density - LD and high density 
- DD) on mean water column ammonium concentrations (in µg/L) over 7 days, in sediment 
only treatments for (a) Nile St sediment ( ) and (b) Pelican Rocks sediment ( ---- ), and for 
algal treatments (c-g) inside ( - ) and outside ( ---- ) algal layers (n=3) ± SE. 
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FIGURE 4.10a-h: Effect of algal layer presence and density (low density - LD and high 
density - DD) on mean water column phosphate concentrations (in µg/L) over 7 days, in 
sediment only treatments for (a) Nile St sediment ( ) and (b) Pelican Rocks sediment ( ----
), and for algal treatments (c-g) inside ( - ) and outside ( ---- ) algal layers (n=3) ± SE. 
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were not significant (Tables 4. 7 and 4.8). No significant differences were found between 
ammonium concentrations of treatments, attributable to the factors treatment and sediment 
layer, nor the interaction of these factors (Tables 4.7 and 4.8). Porewater nitrate 
concentrations in ' sediment + algae' treatments of both sediment types were higher than 
respective 'sediment only' treatments (Tables 4.9 and 4.1 O; Figure 4.1 1 aandb). However, 
there was no significant difference between porewater nitrate concentrations of ' sediment+ 
LD algae' and 'sediment+ HD algae'. Also, there were no significant differences found 
between porewater nitrate concentrations of sediment measured on day 0, an d of sediment 
from relevant treatments on day 9, excepting 'Nile St sediment + HD algae' which was higher 
(Tables 4.9 and 4.1 0). There were no significant differences in porewater ammonium 
concentrations between treatments on day 9, and no significant dif ferences between 
treatments measured on day 9 and sediment measured on day 0. Nitrate concentrations 
ranged from 20 to 200µg/L NOs, while ammonium concentrations were between 40 and 300 
µg/L NH4. 
Phosphate 
Analyses found porewater phosphate concentratio ns did not vary significantly between 
treatments or sediment layer in Nile St sediment treatments, however, the interaction of these 
two factors was significant (Table 4.7). Porewater phosphate concentrations differed 
significantly between treatments and sediment layers of Pelican Rocks sediment treatments, 
yet the interaction of these two factors was significant (Table 4.8). Post-hoe analyses found 
porewater phosphate concentrations of 'sediment + algae' treatments differed significantly 
from 'sediment only' treatments on day 9 in both sediment types, however, there were no 
significant differences between concentrations of 'sediment+ LD algae' and 'sediment+ HD 
algae' treatments (Tables 4.9 and 4.1 0). Also, porewater phosphate concentrations of 
treatments measured on day 9 were not significantly different to those of sediment measured 
on day o,. excepting 'Pelican Rocks sediment+ LD algae' (Tables 4.9 and 4.1 0). As observed 
in the inorganic nitrogen porewater concentrations, phosphate concentrations we re variable, 
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ranging from 10 and 70µg/L P04 in the oxic sediment layer, and 10 to 60µg/L P04 in the 
anoxic sediment layer. 
SEDIMENT 
The organic content of Nile St sediment was significantly higher than the organic content of 
Pelican Rocks sediment (Figure 4.12 and Table 4.5). Organic content of Nile St sediment 
was approximately 5% LOI, while the organic content of Pelican Rocks sediment was 
approximately 1.3% LOI. 
Dissolved oxygen concentrations were measured on day 7 to ensure persistence of oxic 
conditions (Figure 4.13). At the end of the experimental period, dissolved oxygen levels were 
approximately 7mg/L in all experimental treatments, just above the surface of the 
sediment/algal layer. 
MACRO ALGAE 
Figure 4.14 displays the biomass and density values of the macroalgal layers in algal 
treatments. All treatments had algal biomasses of approximately 5g dwt. Densities of low 
and high algae treatments were approximately 7000 and 16000 g dwt/m 3, respectively. 
IN SUMMARY 
In summary, this experiment stnwed that treatments containing a macroalgal layer had 
significantly higher nitrate concentrations in the water column, for both Nile St and Pelican 
Rocks sediment treatments. Similarly, water column phosphate concentrations were 
significantly higher in treatments with algal additions than in bare sediment treatments, in the 
Nile St experiment. No significant differences between treatments with algal additions and 
bare sediment treatments 
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were observed in the Pelican Rocks experiment. No significant differences in water column 
ammonium concentrations were found between treatments with algal additions and bare 
sediment treatments for both Nile St and Pelican Rocks treatments. Porewater nitrate and 
phosphate concentrations were significantly higher in treatments with an algal layer, than in 
the relative bare sediment treatments on day 7, for treatments of both sediment types. 
Porewater ammonium concentrations did not vary significantly between treatments with algal 
additions and those without, for treatments of both sediment types. 
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4.4 DISCUSSION 
The purpose of these studies was to determine if the presence of a macroalgal layer over the 
sediment surface affected sediment-water inorganic nutrient release, considering both height 
and density of the algal layer. The results indicate that the presence of a macroalgal layer 
over the sediment surface affects water column and porewater nutrient concentrations, 
although this may be the result of nutrient release and uptake by the algal layer, rather than 
impacts on sediment-water nutrient exchange. 
4.4.1 Biomass and Density 
In all treatments from both experiments, there were no observed differences in nutrient 
concentrations in the macroalgal layer and overlying water profile. Lavery and Mccomb 
(1991) report dissolved oxygen concentrations inside and outside macroalgal accumulations. 
They found relatively small differences in dissolved oxygen concentrations for accumulations 
of low biomass (�312g/m2) approximately 15% higher inside than outside. However, in 
accumulations of �688g/m2 , dissolved oxygen concentrations inside macroalgal 
accumulations were over 96% higher than outside accumulations. The depth of 
accumulations was not reported. Thybo-Christensen et al. (1993) made observations of 
dissolved nutrients through the vertical profiles of Cladophora sericea accumulations 6cm in 
depth; biomass was not reported. The authors observed stratification of ammonium and 
phosphate concentrations within the accumulation, over a 24h period. Krause-Jensen et al. 
(1996) measured vertical profiles of ammonium and oxygen over 24h, in dense accumulations 
of Chaetomorpha linum. Accumulations were 15cm high in a 10cm i.d. container, containing 
35g fwt (i.e. approximately 4000g dwt!m\ The authors observed steep vertical gradients in 
both ammonium and oxygen over the experimental period. The densities and biomasses 
used in the experiments reported here had similar accumulation heights, biomasses, and 
densities. However, the three studies previously mentioned all used fine filamentous algae. 
The morphology of such an alga allows it to be very space efficient, producing dense 
accumulations, inhibiting water movement through the mat. G. comosa is a coarse, corticated 
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alga and, compared to a filamentous chlorophyte such as C. linum, would have more water 
within a given volume. As Escartin and Aubrey ( 1995) comment, water flow through 
accumulations of fine, filamentous algae, may be restricted by up to 90%, affecting the 
hydrodynamic circulation around algal accumulations. However, as there was no stratification 
throughout the algae-water column profile in the present studies, it appears that the 
morphology of the alga forming the accumulation should also be considered, as well as depth 
and biomass, before assuming increased concentrations of dissolved nutrients present inside 
accumulations. Thus, the absence of elevated ammonium concentrations inside G. comosa 
accumulations in the present study may be the result of rapid advection of generated 
ammonium from the sediment to the overlying water column. 
4.4.2 Impacts on Benthic Fluxes of Inorganic Nutrients 
Ammonium 
Ammonium production is a microbial process and is regenerated by the oxidation of benthic 
organic carbon (Kemp et al. , 1990). Therefore, it is not unexpected that ammonium 
concentrations are relatively high in waters overlying sediments of high organic content and 
low oxygen conditions. Higher ammonium concentrations were observed in water columns of 
cores overlying the organically rich sediment of Nile St, relative to water column 
concentrations overlying Pelican Rocks sediment cores. However, the presence of an algal 
layer generally had no significant impacts on water column or porewater ammonium 
concentrations, regardless of algal layer height or density. Previous studies have found 
elevated ammonium concentrations inside unattached benthic algal mats, which has been 
attributed to the diurnal activity of macroalgae. For example, Beirzychudeket al. (1993) 
measured ammonium concentrations of water over the top of a benthic macroalgal 
accumulation in Waquoit Bay. The authors found ammonium concentrations to be elevated at 
dawn yet at dusk concentrations were comparable to those observed in water above bare 
sediment. Krause-Jensen et al. (1996) also found diurnal variations in ammonium 
concentrations within Cladophora /inum mats measured in the laboratory - elevated 
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ammonium concentrations after a simulated night period, and low ammonium concentrations 
after a simulated daylight period. This is attributed to daylight photosynthesis generating 
oxygen, and frequently supersaturation, during which ammonium is assimilated by the algae 
and production suppressed in the underlying sediment. In sediments with high organic 
content, and therefore an already high rate of ammonium regeneration, observed ammonium 
concentrations in the macroalgal accumulation and in the water column, would be increased. 
That elevated ammonium concentrations due to the presence of an algal layer were not 
observed in the present experiments may be attributable to the nature of the sampling regime 
employed. Perhaps if a diurnal sampling regime of the water column had been used, 
influences on water column ammonium concentrations may have been observed. 
Nitrate 
Nitrate may be produced under oxic conditions by the oxidation of ammonium to nitrite, then 
the further oxidation of nitrite to nitrate, both causing an increase in nitrite + nitrate 
concentrations (Seitzinger, 1984). However, nitrate may be consumed by the anoxic process, 
denitrification (Seitzinger, 1984). In addition, nitrate may be converted to ammonium via 
nitrite, by the two-part process, dissimilatory nitrate reduction to ammonium (DNRA) (Kelso et 
al. , 1997; Sorensen, 1978). 
In treatments of the density experiment incorporating Nile St sediment, and the experiment 
investigating impacts of algal height (which used Pelican Rocks sediment), the presence of an 
algal layer was found to impact nitrate concentrations in the overlying water column. 
However, the same impacts were not evident in the treatments of the density experiment 
incorporating Pelican Rocks sediment. Of interest is that increases in water column nitrate 
concentrations were observed in ' algae only' controls of the density experiment, implying that 
changes in water column nitrate concentrations were a result of the algal layer, rather than 
impacts on benthic nutrient processes. Thus, it is difficult to determine if the presence of an 
algal layer also has indirect impacts on sediment-water nitrate fluxes, over and above 
observed nitrate release from the algae itself. 
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Another curious development of these experiments is that significant impacts on water 
column nutrient concentrations were observed in some treatments, while not in others. These 
observations may indicate that there is a threshold amount of algae overlying the sediment 
(with respect to both dimensions height and density), and the nature of the underlying 
sediment, required for an effect on water column nutrients to be produced. It may be that in 
these experiments, the threshold amount of algae and sediment characteristics were such 
that an effect was recorded in some experimental treatments, while not in others. Therefore, 
these results, determined from treatments employing ecologically relevant amounts of algae 
and sediment conditions, suggest that impacts of macroalgal accumulations on sediment ­
water nutrient processes are unpredictable and cannot be generalised. 
Theoretically it would be reasonable to expect an increase in nitrate concentrations in 
sediment under a shallow macroalgal layer - increased oxygen concentrations due to 
photosynthesis during the day would facilitate nitrification activity, and decreased oxygen 
concentrations at night due to algal respiration, would inhibit nitrification. Ammonium 
production is often tightly coupled to nitrate production (Seitzinger, 1 988), and similar trends 
in ammonium fluxes would be expected. Porewater nitrate concentrations of all Nile St 
sediment treatments covered with algae, in both experiments, had higher nitrate 
concentrations relative to sediment measured on day 0, and sediment not covered with an 
algal layer. This observation may be a response to increased water column nitrate 
concentrations resulting in increased porewater nitrate concen trations. 
Phosphorus 
Unlike inorganic nitrogen cycling, which is essentially biologically mediated, sediment 
phosphate flux is a chemical sorption-desorption process. Under oxic conditions, phosphate 
readily binds to become an insoluble ferric compound, while under anoxic conditions 
(<0.2mg/L) phosphate is resolubilised and can diffuse or be advected from the sediment 
(Seitzinger, 1 984). Phosphate may also bind to calcium in the sediment, forming an insoluble 
apatite compound. Under low pH conditions, the compound solubilises and may be released 
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i nto the overlying water column. The results obtained in  these experiments suggest that there 
was a net release of phosphate from the sediment, and an increase in phosphate 
concentrations i n  the overlying water column, within approximately 5 days. This may have 
resulted from either a decrease in oxygen concentrations at the sediment-water interface, or a 
decrease in  pH. The relatively quick i ncrease in water column phosphate concentrations 
would support the former, as oxygen concentrations would be affected by the presence of an 
algal layer wi thin a day-night period. Sundback et al. (1990) recorded posi tive phosphorus 
fluxes in experimental treatments of sediment-water profiles with an algal layer, wi thin the first 
two weeks of incubation. However, a negative phosphorus flux followed. While the authors 
do not explain the change in  phosphorus flux, there seemed to be increases in  oxygen levels 
i n  some experimental treatments. The authors do not attribute the change in phosphorus flux 
to a particular reason. Lavery and Mccomb (1991) found increased inorganic phosphorus 
concentrations near the sediment-water i nterface associated with decreased oxygen 
concentrations i nside algal accumulations. Also, phosphorus levels were significantly 
i nfluenced by the factors sediment, algae, and aeration. This study found increases in 
phosphate concentrations were significantly affected by the factors algal height and time, and 
the interaction of these, in the experiment i nvestigating height. Decreases in  phosphate 
concentrations were significantly affected by algal densi ty and time in the experiment 
i nvestigating densi ty. When algal tissue was analysed for total phosphorus, concentrations i n  
algae from the sediment overlain with a deep algal layer were comparatively much higher 
than concentrations observed i n  algae measured on day O and algae of the sediment 
treatment overlain with a shallow algal layer on day 9. The higher tissue phosphorus 
concentrations of the algae and historically high concentrations of phosphorus in the water 
column would suggest luxury uptake by the overlying algal layer. 
In the macroalgal height experiment, the total phosphorus concentration in tissue of algae 
from the sediment core with a deep algal layer on day 9, was significantly higher than in 
macroalgal ti ssue measured at  day O and algal tissue from the sediment core with a shallow 
algal layer. However, there was no significant difference in  the total phosphorus 
concentration of algal tissue measured on day 0, and algal tissue from the sediment with 
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shallow algal layer treatment on day 9. These results may be attributed to the relatively 
higher inorganic phosphorus concentrations observed in the sediment with deep algal layer 
treatment. With a deeper algal layer, a larger proportion of the layer would have been 
consuming oxygen than in a comparatively shallower layer, due to self-shading and 
subsequent respiration. In turn, lower oxygen concentrations at the sediment-water interface 
in the sediment with a high algal layer treatment would have solubilised a higher proportion of 
ferric-P compounds in the sediment, eliciting an increase in water column phosphate 
concentrations. Lavery and Mccomb (1991 ) observed increased phosphate concentration s in 
the inter-algal water of macroalgal accumulations, both in the field and in the experiment 
chambers. 
CONCLUSION 
In this chapter, the effects of density and height of macroalgal accumulations on sediment­
water nutrient fluxes were investigated. The experiments showed that the presence of G. 
comosa accumulations over sediment affected sediment-water fluxes of nitrate and 
phosphate, generally resulting in increased water column and porewater concentrations over 
time relative to bare sediment treatment� and highest concentrations in treatments with 
highest algal cover. It is suggested that the rapid impacts on water column nutrient 
concentrations caused by a layer of G. comosa over the sediment, resulted from the 
morphology of the alga, allowing more water movement through the accumulation compared 
to an accumulation of filamentous algae, which would be much denser. Impacts may have 
been a direct result of photosynthetic/respiratory activity of the algal accumulation, direct 
uptake/release of nutrients by the accumulation, indirect by impacts on other nutrient cycles, 
or due to sediment characteristics. It is suspected that all impacts on water column and 
porewater ammonium concentrations may not have been detected due to the sampling 
regime employed, and may be more suitably investigated with diurnal sampling. Most 
importantly, it appears that impacts of macroalgal accumulations on sediment-water nutrient 
processes depend on a threshold combination of factors including accumulation dimensions 
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and sediment characteristics, making macroalgal impacts on benthic processes not entirely 
predictable. 
In the Swan-Canning Estuarine System, low density accumulations of G. comosa plants to 
approximately 10cm in height are common in sheltered areas, which become shallower and 
higher in density at low tide. Results of the experiments would suggest that if an impact on 
inorganic nutrient concentrations occurred, increases in water column nutrient concentrations 
would be rapid due to the morphological nature of this algal species. However, such a rapid 
impact may not be observed at low tide when accumulations would be denser, and diffusion 
of nutrient-rich waters from the sediment surface relatively impeded. It is likely that 
accumulations would have an impact when they are deep, yet not necessarily dense, and in 
estuarine regions of sediment with high organic content. Field studies to validate these 
hypotheses are required to enable further discussions of the ecological relevance of these 
processes. 
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CHAPTER S: 
THE DYNAMICS OF UNATTACHED BENTHIC MACROALGAL ACCUMULATIONS IN THE 
SWAN-CANNING ESTUARINE SYSTEM 
5.1 INTRODUCTION 
The occurrence of unattached macroalgal accumulations in estuaries and shallow coastal 
embayments has received much attention (Peckol and Rivers, 1 996; Collado-Vides et al. , 1 994; 
Lavery et al. , 1 991 b; Josselyn and West, 1 985). Accumulations are typically comprised of 
unattached macroalgae, varying in height, areal cover, and biomass and occur in soft-sediment 
systems, which do not support attached macroalgae. Past research has addressed many 
aspects of accumulations including, their physical structure (Peckol and Rivers, 1 996; Collado­
Vides et al. , 1 994), eco-physiology (Lavery and Mccomb, 1 991 b; Sfriso et {:JI. , 1 987), primary 
productivity (Pregnall and Rudy, 1 985), and inter-annual variation in their biomass and 
composition (Fong and Zedler, 1 993; Lavery et al . ,  1 991 b). 
More recently, the potential biogeochemical impacts of unattached macroalgal accumulations at 
the sediment-water interface have been considered (Peckol and Rivers, 1 996; Lavery and 
McComb, 1 991a; Sundback et al. , 1 990; Sfriso et al. , 1 987). Proposed impacts include 
promoting remineralisation of sediment nutrients that are otherwise inaccessible (Lavery et al. , 
1 991 a), and acting as sinks and sources for dissolved nutrients in the water column, thus 
affecting phytoplankton growth cycles (Sfriso et al. , 1 987). It is possible to construct a conceptual 
model of the way in which macroalgal accumulations influence nutrient cycles (Figure 5. 1 ) .  
Theoretically, accumulations influence sediment-water nutrient cycl ing by producing an oxidising 
environment during daylight through photosynthetic activity. This allows the redox layer to remain 
below the sediment surface, capping free reactive phosphorus release, and minimising 
ammonium accumulation and diffusive flux. At night algal respiration causes the redox layer to l ie 
higher in the sediment-water profile, or even within the overlying algal accumulation itself, 
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potentially resulting in increased phosphorus and ammonium flux from the sediment to the water 
column. When accumulations are deep, little if any light will penetrate to the bottom of the 
accumulation, resulting in algal photosynthesis ceasing and a reducing environment generated at 
the underlying sediment surface over the entire 24 hour period. This model is dependent on 
several key variables, including density and height of accumulations (as addressed in the 
previous chapter), but also their persistence. Accumulations that do not persist in an area will 
have little opportunity to influence the underlying sediments. The degree of persistence of 
unattached macroalgal accumulations is generally associated with water flow regimes in the 
environment. Thus, in estuaries such as the Swan-Canning Estuarine System which have 
seasonal and tidal-scale flushing, it is possible that persistence could significantly affect the 
potential for algal accumulations to influence sediment-water nutrient exchange. 
DAY/fHIN MAT : TlllCK MAT/NIGHT 
LIGHT 
+Q 
FIGURE 5. 1 :  The proposed macroalgal accumulation model, demonstrating macroalgal activity 
during daylight with associated benthic nutrient fluxes (left); and macroalgal activity at night with 
co-occurring nutrient fluxes (right). 
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Accumulations have been shown to alter the nutrient status, dissolved oxygen concentration, pH, 
and light attenuation of the water column. Frequently this has been demonstrated at a seasonal 
scale (Lavery and Mccomb, 1 991 a) but also within a diurnal cycle (Sfriso et al., 1 987). However, 
the scale and combination of factors such as depth and density of the accumulation, organic 
content of underlying sediment, and surrounding water quality may be such that a significant 
diurnal variation within the accumulation-water column profile is not evident. However, this does 
not discount the possibility that macroalgal accumulations may have environmental impacts over 
a time period longer than 24 hours. Consequently, temporal and spatial impacts of macroalgal 
accumulations on the environment need to be determined, including the persistence of 
accumulations at a location. Unfortunately, the extent of literature measuring both of these 
factors is sparse, and therefore, the long-term ecological impact(s) of unattached, macroalgal 
accumulations, and the significance of this to estuarine and near-shore coastal management, has 
been given little regard. 
The aim of this study was to test the model summarised in Figure 5. 1 ,  specifically, examining the 
diel cycle of physico-chemical parameters in macroalgal accumulations and coupling this with 
investigations of the persistence of the accumulations. In addition, in situ studies would also 
provide an opportunity to at least partial ly validate results of the laboratory studies presented in 
the previous chapter. This required investigating unattached macroalgal accumulations using 
three temporal scales: seasonal ,  change in water flow regime between autumn and winter, and 
diurnal. Thus, accumulations were characterised seasonally by investigating height, biomass, 
and density, and also the organic content of the underlying sediment, for one year. Persistence 
of macroalgal accumulations was monitored over three months during the seasonal change of 
water regimes (autumn to winter) , to determine the length of time accumulations remained in an 
area. Finally, changes in water quality inside and outside macroalgal accumulations were 
monitored seasonally and diurnally. Together these observations allowed an examination of how 
influential accumulations might be on sediment-water fluxes, the time scale over which that 
influence is exerted, and whether banks persist sufficiently for that influence to be realised. 
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5.2 MATERIALS and METHODS 
5.2.1 Characterisation of Macroalgal Accumulations 
Measurements of macroalgal accumulations were taken every three months from November 
1 996 to August 1 997. These were recorded at three locations in the Swan-Canning Estuarine 
System (Figure 5.2), and in three accumulations at each location. One location was selected in 
the Swan River, one near the estuarine basin at the entrance to the Canning River, and one 
upstream in the Canning River. These locations were selected as accumulations had been 
regularly observed in these areas, and they encompassed the two different riverine systems of 
the estuary. 
During seasonal sampling, water and macroalgal accumulation depths were recorded. Biomass 
of macroalgal accumulations was measured by taking a 9.5cm (i.d.) core through the 
accumulation. Algal material in the cores was dried at 70°C for 2 days to obtain dry weights. 
5.2.2 Persistence of Macroalgal Accumulations 
Persistence of macroalgal accumulations was assessed at nine sites (Figure 5.2), in three 
regions of the Swan-Canning Estuarine System: the Swan-Canning Estuarine Basin (four sites); 
the Swan River (2 sites); and the Canning River (3 sites). The regions were selected in an 
attempt to cover three different hydrological areas of the estuarine system: the Swan River with 
strong seasonal flushing, the Canning River with little flushing due to a weir in the upper reaches, 
and the estuarine basin, deeper and downstream of both rivers. The Swan River has strong 
flushing events during winter, which typically scour the river bottom.  Strong water movement may 
also be experienced further downstream in the Swan-Canning Estuarine Basin. However, the 
Canning River is less well flushed, due to a weir in the upper reaches. 
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To determine persistence of macroalgal accumulations at each site, 1 00 individual plants of 
Graci/aria comosa were tagged. The plants were marked by tying an approximately 1 0cm length 
of flagging tape to the plant, with different coloured flagging tapes for each of the locations. 
Recounts of the remaining tagged plants at each location were made one week, one month, and 
three months after tagging. No attempts to relocate absent tagged plants were made. 
LEGEND 
• CHARACTERISATION SITES 
o PERSISTENCE SITES 
• DIURNAL SITES 
/ND/AN 
OCEAN 
32°s 
5 Kilometres 
FIGURES 5.2: Research sites for, a) study of characteristics of macroalgal accumulations ( ?  ) ;  
b )  study of persistence of macroalgal accumulations ( ? ); and c) diurnal study of sediment-water 
chemistry through the macroalgal accumulation/water column profi le ( I ) .  
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5.2.3 Seasonal Measurement of Macroalgal Accumulations 
Temperature, l ight, and dissolved oxygen were measured inside and outside accumulations at 
three locations (Figure 5.2), where the inside of the accumulation was defined as being at the 
sediment-algal interface under the accumulation, and the surface at the top of the accumulation 
within  the water column. One location was selected in the Swan River, one location near the 
estuarine basin at the entrance to the Canning River, and one location upstream in the Canning 
River. These locations were selected as accumulations had been regularly observed in these 
areas, and they encompassed the two different riverine systems of the estuary. Every three 
months between November 1 996 and August 1 997, temperature and dissolved oxygen were 
measured using a Yeo-kal Dissolved Oxygen and Temperature Model 603 meter. l rradiance was 
measured with a Li-Car Model Ll-1000 4n light meter. Mean PAR values presented here are 1 0s 
averages. These measurements were taken inside and outside the accumulations. In summer 
and winter, water samples were taken from outside and inside accumulations using a 50ml 
syringe with a length of 0.5mm(i .d .)  plastic tubing fitted to the nozzle. The water was slowly 
drawn out from the accumulation, filtered (0.45µm, Whatman), stored on ice, and analysed for 
ammonium and nitrite/nitrate (hereafter referred to as nitrate) on a Skalar Autoanalyser. 
Ammonium was measured using the Automated Phenate method, and nitrate using the 
Automated Cadmium Reduction method (APHA, 1 992). 
5.2.4 Diurnal Measurement of Macroalgal Accumula tions 
During February 1 997, diurnal measurements were conducted on three accumulations at each of 
two locations (Figure 5.2). Temperature, l ight, and dissolved oxygen were measured every three 
hours inside and outside the accumulations for 24 hours, with instruments as described above. 
Every six hours, water samples were taken from outside and inside accumulations, as described 
in the previous section. Water samples were filtered (0.45µm, Whatman), stored on ice, and 
analysed for ammonium, nitrate and filterable reactive phosphorus as detailed above. 
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After the 24h period, biomass of macroalgal accumulations was measured (see above), and 
organic content of the underlying sediment. Sediment organic content was measured by taking a 
9.Scm(i .d . )  core of the sediment to approximately 1 0cm depth. All the sediment was dried at 
70°C for 2days, weighed, combusted at 550°C for 24 hours, then re-weighed. The organic 
content of the sediment sample was measured as % LOI (Loss on Ignition; APHA, 1 992). 
5.2.5 Data Analysis 
Characterisation & Seasonal Data 
Data collected from characterisation and seasonal measurements of accumulations were 
analysed using two-factor ANOVAs to determine significant differences attributable to the factors 
season and position of the algal layer (i .e. inside vs outside the accumulation) for the dependent 
variables dissolved oxygen, temperature, and dissolved inorganic nutrients. For analysis of 
nitrate and ammonium concentrations, a one-way ANOVA was required due to a missing 
seasonal measurement, and therefore the influence of position in the algal layer was assessed. 
The influence of season and site on biomass was tested using a two-factor ANOVA. 
Diurnal Data 
Data collected from the diurnal studies were analysed using two-factor Repeated Measures 
ANOVAs, where the factors were position in the algal layer and time. Dependent variables were 
dissolved oxygen concentrations, temperature, pH, phosphate, ammonium and nitrate 
concentrations. In  an attempt to increase the power of statistical tests for diurnal data analyses, 
data from both sites was pooled to increase replication in the tests. The statistical results from 
pooled data analyses are presented in an individual table to site by site diurnal analyses. Tests 
to determine normality and homogeneity of variance in the data were conducted prior to analyses, 
using the Hartley F-Max Statistic, the Cochran C statistic, and the Bartlett Chi-square test 
1 1 8 
(Statistica, 1 995). Data found to be not normally distributed were log-transformed prior to 
analyses. 
5.3 RESULTS 
5.3. 1 Characteristics of Macroalgal Accumulations 
The physical structure of algal accumulations was highly variable, but this was not attributable to 
season or location; ANOVA revealed no significant differences between seasons, locations or an 
interaction between these two factors on biomass (Table 5. 1 ) . Mean biomass of accumulations 
ranged from less than 1 00g dwt m·2 to more than 500g dwt m·2 (Figure 5.3 a-c) . 
Macroalgal accumulations rarely exceeded 25 cm in height, regardless of water depth, location, 
or season. There was no significant correlation between the height of macroalgal accumulations 
and water depth, for all sites and seasons (R2=0.04) (Figure 5.4). 
5.3.2 Persistence of Macroalgal Accumulations 
The first rainfall events and river flow of the wet season occurred between weeks one and four 
following initial tagging, resulting in river flow through the Swan River portions of the estuary and, 
to a lesser extent, the estuarine basin. There were substantial differences in the degree of 
persistence of tagged macroalgal plants in different regions of the estuary. In the less well 
flushed Swan-Canning Basin and Canning River regions, tags persisted for about one month. 
However, in the Swan River, which is relatively well flushed, many tagged plants persisted for 
less than one week (Figure 5.5 a-c). One month after tagging, 83%, 94% and 1 00% of tagged 
plants had been removed from original tagging sites in the Canning River region, the Swan­
Canning Basin region, and the Swan River region, respectively. 
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FIGURES 5.3a-c: Mean biomass values of macroalgal accumulations (in g dwt/m2) measured at 
Maylands, Swan River (a), and at Salter Point (b) and Deepwater Point (c), Canning River, for the 
seasons of November, 1 996, February, May, and August, 1 997 (n=3) ± SE. 
120 
500 
R2 = -0.04 
E 
E • 
C) 
·a; 
250 :::I • 
E 
:::I 
(.) 
(.) 
• • • • • 
iu • • • 
C) 
• • • • 
(.) • 
• 
• •• •• •• 
0 
0 500 1 000 
Water Depth (mm) 
FIGURE 5.4: The relation between height of macroalgal accumulations (in mm) versus water 
depth (in mm), measured at Maylands, Swan River, and at Salter and Deepwater Points, Canning 
River, for the seasons of November, 1 996, February, May, and August, 1 997. 
5.3.3 Seasonal Measurements of Macroalgal Accumulations 
The highest seasonal irradiances were recorded in spring and summer, at 1 1 00 to 1 400µmol/m2/s 
(Figure 5.6 a-c). At least 90% of l ight was attenuated through macroalgal accumulations, at all 
sites and seasons, with l ight attenuation of 98% and over common. 
Dissolved oxygen concentrations at the Canning River sites were generally between 8 and 
1 1  mg/L inside and outside accumulations, and were higher than dissolved oxygen concentrations 
at Maylands, which were between 8 and 1 2mg/L outside accumulations but only 1 to 4mg/L 
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FIGURES 5.5 a-c: Number of tagged, unattached macroalgal plants at 9 sites, within the (a) the 
Swan-Canning Basin, (b) the Swan River, (c) and the Canning River, one week, one month, and 
three months after tagging. 
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FIGURES 5.6a-c: Mean PAR measured seasonally over one year (in µmol/m2/s), at the surface of 
the macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
macroalgal accumulation [inside <: )], at sites in the Canning River (a and b) and the Swan River 
(c) (n=3) ±. SE. 
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inside (Figure 5. 7 a-c). Significant seasonal differences in dissolved oxygen concentrations were 
found at all sites, but significant differences between concentrations inside and outside 
accumulations were only found at the Maylands (Swan River) site (Table 5. 1 ). The interaction of 
the position within the algal layer and season was significant at the Salter Pt site (Canning River) 
(Table 5. 1 ) .  
Maximum temperatures of 23 to 26°C were recorded in spring and summer, and minimum 
temperatures of approximately 1 6°C in  winter (Figure 5.8 a-c). While seasonal differences in 
water temperatures were significant (Table 5. 1 ), there were no significant differences between 
temperatures i nside and outside accumulations, with the exception of Maylands (Table 5. 1 ) . This 
statistical significance may be attributed to the 3 . 1°C difference between inside and outside 
accumulation temperatures in February. The interaction of the position within  the algal layer and 
season was significant at the Salter Pt site (Canning River) (Table 5 . 1 ) .  
Nitrate and ammonium concentrations were lowest in  summer, approximately 25 and 30µg/L, 
respectively, and highest in winter, approximately 150-300 and 1 00µg/L, respectively, with high 
variations associated with winter values (Figures 5.9 a-c and 5. 1 0  a-c). Seasonal differences in 
nitrate concentrations were significant, although differences inside and outside accumulations 
were not (Table 5. 1 ). Nitrate concentrations at the Maylands site were higher than Canning River 
sites. No significant differences were found in ammonium concentrations between seasons, or 
inside and outside accumulations, with the exception of the Deepwater Pt site (Canning River) 
where position within the accumulation was significant (Table 5. 1 ) .  
5.3.4 Diurnal Measurements of Macroalga/ Accumulations 
A peak i rradiance of approximately 1 700µmol m-2 s-1 was recorded at noon at both sampling 
locations. Almost 1 00% of incident surface l ight was attenuated through the macroalgal 
accumulations, at both the Canning and Swan River sites (Figure 5. 1 1  a and b). 
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The lower light climate inside the algal accumulation was accompanied by a lower dissolved 
oxygen concentration (Figure 5. 1 2  a and b). Dissolved oxygen levels were generally higher at 
the Canning River site, though both sites showed decreases in concentrations overnight. The 
effect of position in the accumulation and time were statistically significant at both sites (Table 
5.2), and also when the data of both sites were pooled (Table 5.3). At the Canning River site 
concentrations ranged from approximately 1 2mg L"1 at 1 2:00 (when peak irradiance was 
recorded), to approximately 3mg L"1 by 03:00. At the Swan River location, noon concentrations 
inside the accumulation were about 8mg L"1 compared with 1 mg L"1 , both outside and i nside 
accumulations, at 03:00. 
Maximum water temperatures inside and outside macroalgal accumulations were recorded in the 
early to mid-afternoon, at approximately 25°C (Figure 5. 1 3  a and b). Temperatures were lowest 
at 9AM, by which time they had dropped to approximately 1 8°C. Temperatures were not different 
inside and outside the accumulations, but diurnal changes in temperature were significant, and 
the interaction of position in the algal accumulation and time was significant at the Maylands site 
(Table 5. 1 ). When data of both sites were combined in analyses, the interaction of time and 
position in the algal layer was significant (Table 5.3). 
The pH of water around macroalgal accumulations changed both inside and outside 
accumulations, and over time (Figure 5. 1 4  a and b). The pH was generally between 7 and 8 
units, although sometimes fal l ing below a pH of 7. There were significant differences i n  pH over 
time at both sites, becoming more acidic at night (Table 5.2). pH was found to vary significantly 
inside accumulations relative to outside at the Maylands site, however these differences were not 
observed at the Deepwater site (Table 5.2). The pH at the Maylands site was slightly more 
alkaline than at the Deepwater site. 
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TABLE 5.1: Results of two-factor analysis of variance for the influence of site and season on macroalgal biomass (top section) and the influence of 
macroalgal accumulations on physico-chemical parameters, seasonally, at the Swan River and Canning River sites (bottom section). NS = not significant, * =  
p < 0.05, ** = p < 0.01, *** = p < 0.001. 
VARIABLE FACTORS d.f. F MS p-level d.f. F MS p-level d.f. F MS p-level 
BIOMASS site 1. 16  0.335 55584.4 NS 
season 3, 1 6  0.103 1 6131.6 NS 
site x season 3, 1 6  1 .154 180637.8 NS 
MAYLANDS, SWAN RIVER DEEPWATER PT, CANNING RIVER SALTER PT, CANNING RIVER 
SEASON 
DISSOLVED inside/outsi:le 1, 12  55.416 235.228 1, 12  3.1 5  7.579 NS 1, 8 1 .967 2.083 NS 
OXYGEN season 2, 12  3.891 16.515 2, 12 7.785 1 8.729 1 ,  8 8.186 8.67 * 
inside/outside x season 2, 12  0.563 2.389 NS 2, 12 1.729 4.1 6  NS 1, 8 6.093 6.453 * 
TEMPERATURE inside/outside 1, 1 6  4.946 5.134 1, 1 6  0.369 0.26 NS 1 ,  12 1 .469 0.0800 NS 
season 3, 1 6  127.698 1 32.54 3, 1 6  172.605 121.785 - 2, 12  1386.490 75.48666 
inside/outside x season 3, 1 6  2.982 3.096 NS 3, 1 6  1 .138 0.803 NS 2, 12  0.490 0.02667 
NITRATE inside/outside 1 , 8 0.061 192 NS 1, 8 0.926 4840.1 NS 1, 4 0.0004 13.500 NS 
season 1, 8 12.127 38081.33 ** 1, 8 57.744 301784.1 
inside/outside x season 1 , 8 0.435 1365.33 NS 1, 8 0.896 4680.8 NS 
AMMONIUM inside/outside 1 , 8 0.301 5418.75 NS 1, 8 6.769 1 5768.75 1 ,  4 0.644185 1 120.667 NS 
season 1, 8 0.442 7956.75 NS 1 , 8 0.008 18.75 NS 
inside/outside x season 1, 8 2.265 40716.75 NS 1 , 8 0.79 184.08 NS 
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FIGURES 5.7a-c: Mean dissolved oxygen measured seasonally over one year (in mg/L), at the 
surface of the macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
macroalgal accumulation [inside <: )], at sites in the Canning River (a and b) and the Swan River 
(c) (n=3) ±. SE. 
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FIGURES 5.8 a-c: Mean temperatures measured seasonally over one year ( in °c) , at the 
surface of the macroalgal accumulation [outside ( )] , and at the sediment surface underneath the 
macroalgal accumulation [inside <: )] , at sites in the Canning River (a and b) and the Swan River 
(c) (n=3) ± SE. 
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FIGURES 5.9 a-c: Mean nitrate concentrations measured in February and August over one year 
(in µg/L), at tbe surface of the macroalgal accumulation [outside ( )], and at the sediment surface 
underneath the macroalgal accumulation [inside <: )], at sites in the Canning River (a and b) and 
the Swan River (c) (n=3) .± SE. 
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FIGURES 5. 1 0  a-c: Mean ammonium concentrations measured in February and August over one 
year (in µg/L), at the surface of the macroalgal accumulation [outside ( )], and at the sediment 
surface underneath the macroalgal accumulation [inside (I )] , at sites in the Canning River (a and 
b) and the Swan River (c) (n=3) .:!: SE . .  
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Pooled data from both sites found the pH varied significantly with the position in the algal layer, 
however time and the interaction of these factors were not significant (Table 5.3). 
Accumulations at the two sites displayed similar water quality with respect to phosphorus, but 
were quite different with respect to ammonium and nitrate. At both sites phosphate 
concentrations outside and inside of accumulations remained at approximately 20-30µg L"1 for 
most of the 24 hour period (Figures 5. 1 5  a and b) with an increase in concentrations inside the 
accumulations (to 60 - SOµg L"1) by the end of the period. The differences between inside and 
outside concentrations were statistically significant at the Swan River Site (Table 5.2). However, 
differences were not significant at the Canning River site and, when data from both sites were 
pooled, there were no significant differences. Thus, the Maylands site behaved differently to the 
Canning River site. None the less, it was apparent that the variability in internal concentrations at 
the Canning River site increased over time, and the maximum differences between internal and 
external phosphorus concentrations occurred at the end of the dark (respiratory) period. 
The accumulations at the two sites behaved differently with respect to ammonium (Figures 5. 1 6  a 
and b) . At the Swan River site, ammonium concentrations followed the same trend as 
phosphate. Over the dark period, when oxygen concentrations were declining, the internal 
ammonium concentration increased and became significantly higher than outside the 
accumulations (1 0µg L"1 outside compared to 300µg L"1 inside). Analyses revealed that the 
presence of accumulations, the time of day, and the interaction of these factors all significantly 
affected ammonium concentration at this site (Table 5.2). No such trend was apparent at the 
Canning River site, and maximum concentrations were substantially lower than at the Swan River 
site (about 1 00 µg L-1) .  When data from both sites were pooled, position within the accumulation 
was found to significantly influence ammonium concentrations (Table 5.3). 
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TABLE 5.2: Results of two-factor repeated measures ANOVAs for the influence of macroalgal accumulations on phy� 
diurnally, at the Swan River and Canning River sites. NS = not significant, * =  p < 0.05, ** = p < 0.01 , *** = p < 0.001 
VARIABLE FACTORS d.f. F MS p-level d.f. F MS p-level 
MAYLANDS, SWAN RIVER DEEPWATER PT, CANNING RIVER 
DISSOLVED inside/outside 1 ,  36 105.879 246.956 *** 1 , 36 20.709 1 6.901 *** 
OXYGEN time 8, 36 1 0.687 24.928 *** 8, 36 71 .715 58.525 *** 
inside/outside x time 8, 36 2.327 5.428 * 8, 36 0.555 0.453 NS 
TEMPERATURE inside/outside 1 ,  36 3.749 2.2 NS 1 ,  1 6  0.657 0.06 NS 
time 8, 36 51 .247 30.074 *** 3, 1 6  8.365 0.763 ** 
i nside/outside x time 8, 36 3.013 1 .768 * 3, 1 6  0.158 0.014 NS 
pH inside/outside 1 ,  36 33.25 3.931 *** 1 ,  36 2.355 1 . 1 1 8  NS 
time 8, 36 1 7.603 2.081 *** 8,36 2.594 1 .232 * 
inside/outside x time 8, 36 6.345 0.75 *** 8, 36 0.452 0.215 NS 
PHOSPHATE inside/outside 1, 20 7.007 3244.8 * 1 ,  20 0.107 405.536 NS 
time 4, 20 2.226 1031 . 1 17  NS 4, 20 0.717 2720.911 NS 
inside/outside x time 4, 20 1 .552 719.05 NS 4, 20 1 .131 4293.875 NS 
NITRATE inside/outside 1 ,  20 8.324 107.52 ** 1 , 20 3.719 307.2 NS 
time 4, 20 6.912 89.283 ** 4, 20 1 6.617 1 372.55 *** 
inside/outside x time 4, 20 2.936 37.922 * 4, 20 2.608 215.45 NS 
AMMONIUM inside/outside 1 ,  20 27.79 84482.13 *** 1 ,  20 4.225 4915.2 NS 
time 4, 20 6.226 18924.88 ** 4, 20 2.735 3182.1 1 7  NS 
inside/outside x time 4, 20 6.307 19170.55 ** 4, 20 1 .564 1 81 9.45 NS 
soc Sediment type 1, 1 0  810.2355 44.96941 *** 
TABLE 5.3: Results of two-factor repeated measures analyses for the influence of 
macroalgal accumulations on physico-chemical parameters, diurnally, of pooled data from 
Swan River and Canning River sites. NS = not significant, * = p < 0.05, ** = p < 0.01, ***= p < 
0.001. 
VARIABLE FACTORS d.f. F MS p-level 
DISSOLVED i ni:; irlP./ outi:;irl P. 1 . 1 0  9.35140 1 96.5331 * 
OXYGEN time 8, 40 33.06682 77.0422 *** 
inside/outside x time 8, 40 1 .13989 2.6558 NS 
TEMPERATURE inside/outside 1, 10  0.94622 1 .47000 NS 
time 8, 80 77.60490 44.05479 *** 
inside/outside x time 8, 80 2.24561 1 .27479 * 
pH inside/outside 1 ,  1 0  5.375576 4.621070 * 
time 8, 80 2.735992 1 .273644 NS 
inside/outside x time 8, 80 0.7301 10  0.339877 NS 
PHOSPHATE inside/outside 1 ,  10  1 .069273 2972.288 NS 
time 4, 40 0.680982 1492.726 NS 
inside/outside x time 4, 40 0.534363 1 171 .333 NS 
NITRATE inside/outside 1, 1 0  1 .906472 693.6000 NS 
time 4, 40 1 .343057 132.2083 NS 
inside/outside x time 4, 40 6.062764 596.8083 *** 
AMMONIUM inside/outside 1, 10  5.784694 65076.27 * 
time 4, 40 1 .327960 5820.86 NS 
inside/outside x time 4, 40 1 .714814 7516.56 NS 
Trends in nitrate concentrations were different at the two sites, with a significant increase 
during the dark period at the Canning River site, while there was a slight decrease in nitrate 
by morning at the Swan River site (Figure 5.16 c and d). Nitrate concentrations were 
approximately 20µg/L at both sites at commencement of sampling. However, by 9AM the 
following morning, nitrate concentrations at the Canning River site had increased to 
approximately 40 and 60µg/L, inside and outside the accumulation, respectively, while at the 
Swan River site nitrate concentrations had decreased slightly to approximately 15µg/L. 
Statistical analysis found nitrate concentrations to be significantly different inside and outside 
accumulations and over time at the Maylands site, while only time was found to be significant 
at the Deepwater Pt site (Table 5.2). Pooled analyses of both sites found the interaction of 
time and position in the algal accumulation to be significant (Table 5.3). As nitrite and nitrate 
were analysed as one measurement changes in concentrations cannot be attributed to either 
nitrite and/or nitrate. 
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FIGURES 5.11 a and b Mean PAR measured over 24h (in µmol/m2/s), at the surface of the 
macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
macroal�al accumulation [inside (: )],at sites in the Swan River (a) and the Canning River (b) 
(n=3) ± SE. 
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FIGURES 5.12 a and b: Mean dissolved oxygen measured over 24h (in mg/L), at the surface 
of the macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
macroalgal accumulation [inside (: )],at sites i n  the Swan River (a) and the Canning River (b) 
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FIGURES 5.13 a and b: Mean temperatures measured over 24h (in °C), at the surface of the 
macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
macroalgal accumulation [inside (: )],at sites in the Swan River (a) and the Canning River (b) 
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FIGURES 5. 1 4  a and b: Mean pH measured over 24h (in units of pH), at the surface of the 
macroalgal accumulation [outside ( )], and at the sediment surface underneath the 
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FIGURES 5.16 a - d: Mean ammonium concentrations (a and b) and mean ni trate 
concentrations (c and d), measured over 24h (in µg/L), at the surface of the macroalgal 
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The site with lower dissolved oxygen concentrations within accumulations, and with the 
highest ammonium concentrations (Swan River) also had the highest organic matter content 
in the underlying sediments. Percent organic content of sediment at the Swan River site was 
6% loss on ignition (LOI), significantly higher (Table 5.2) than the Canning River site, which 
was 1.5% LOI. 
5.4 DISCUSSION 
The variation in biomass and height of macroalgal accumulations demonstrates the patchy 
nature of unattached macroalgal populations in the Swan-Canning Estuarine System. Such 
variation in biomass measurements of unattached macroalgal populations has been 
documented elsewhere. Fillit (1995) found the standing biomass of U/va rigida populations to 
be very patchy, in a lagoonal system near Montpellier, in southern France. Sfriso et al. 
(1987) also found large variations in biomass of U/va rigida populations in the Lagoon of 
Venice, due to patchy distribution and growth form. Therefore, it appears that influences on 
benthic nutrient cycles caused by the presence of macroalgal accumulations would not be 
regular within the spatial context of an aquatic system. 
Sfriso et al. (1987) also report that U. rigida accumulations in the Venice Lagoon entirely filled 
the water column (approximately 0.9m) for periods of up to three weeks, with biomass ranging 
between 6 and 9 kg fwt/m 2. The Lagoon of Venice is shallow (average depth of 1 m), with 
restricted circulation. Therefore, the relatively uniform maximum height of the accumulations 
in the Swan River system was unexpected and, in contrast to Sfriso et al. (1987) findings, 
frequently failed to fill the water column. This may well be the result of an interaction between 
the accumulations and water flow in the system. Escartin and Aubrey (1995) describe the 
effect large accumulations of unattached macroalgae have on hydrodynamic circulation in 
shallow-water estuaries. The authors found that accumulations occupying a significant 
proportion of the water column (i.e. 30-50%) effectively reduce the water column depth, thus 
increasing friction between water flow and the surface of the macroalgal accumulation. This 
results in a shear flow over the surface of the accumulation. It is perhaps a result of the 
combination of such a shearing effect, and the coarse and space -filling growth form of G. 
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comosa, that macroalgal accumulations in the Swan-Canning Estuarine System are not 
accumulating to a height of more than 25cm in water column depths of less than a metre. 
This may not apply to accumulations in systems such as the Venice Lagoon as water flows in 
this system would be much more restricted than those observed in systems such as the 
Swan-Canning Estuarine System (Sfriso et al. , 1987), resulting in accumulations of greater 
heights. The shallowness of accumulations might also account for the absence of 
temperature gradients within the accumulations. Being relatively shallow would facilitate the 
dissipation of any temperature gradients that may otherwise develop and persist. It would be 
expected that dissolved oxygen and nutrients would parallel these trends if this were the 
case. However, dissolved oxygen is being consumed by the sediment unlike temperature, 
compounding any differences in oxygen climate between the surface and bottom of the 
accumulation. This is the likely reason that a significant difference is found between 
dissolved oxygen concentrations at the surface and bottom of the accumulation. Also, 
dissolved nutrients may be consumed or produced from these regions, again compounding 
any differences in concentrations throughout the accumulation. 
Despite their shallow depth, light penetration through macroalgal accumulations was m inimal, 
with over 90% light attenuation at the bottom of accumulations. This finding is consistent with 
a number of other studies. Birch et al. (1981) recorded a high light attenuation in Cladophora 
accumulations in the Peel-Harvey Estuary, Western Australia, as did Lavery and Mccomb 
(1991) for Ulva and Chaetomorpha accumulations in the same system. Peckol and Rivers 
(1996) found 95% of light was attenuated by 8 cm of Graci/aria tikvahiae accumulations. 
Sundback et al. (1990) report 90% reduction in incident light levels at the bottom of 
accumulations, of 1.8 kg fwt m ·2• 
The reduced oxygen concentrations inside the Swan River accumulations is most readily 
explained by the low light climate and therefore higher respiratory burden of the algae, an 
explanation also evoked by Peckol and Rivers (1996), and Pregnall and Rudy (1985). The 
observed diel trend in oxygen concentrations further supports this. Maximum dissolved 
oxygen concentrations were recorded at midday, concurrent with peak irradiances, while 
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minimum concentrations occurred at sunrise. This suggests that, while the bottom of 
accumulations were effectively in the dark throughout the day, sufficient algal material was at 
irradiances at the surface to generate oxygen from photosynthesis, helping to mitigate the 
influence of the deeper, non-photosynthesising portion of the accumulation, at least for part of 
the day. Alternatively, there may have been sufficient advection of surrounding water into the 
accumulation to overcome respiring algal oxygen demand. The reduction in internal oxygen 
concentrations overnight suggests that the former was the case. Similarly, Sundback et al. 
(1990) found dissolved oxygen levels in unattached macroalgal accumulations to be lowest in 
the morning and becoming maximal by mid- to late afternoon. Both these studies indicate 
that the creation of a reducing environment within algal accumulations may well be a diel 
cycle, with the oxygen minimum likely to be determined by the length of the dark period and 
the proportion of the bank below the light compensation point. Ultimately, the impact of 
macroalgal accumulations on the redox status of the underlying sediment at the Swan River 
site, appears to be prolonged, as depressed oxygen levels inside accumulations are observed 
over all seasons measured. 
If the influence of accumulations is to produce reducing conditions at the sediment surface, 
then the conceptual model (Figure 3. 1) suggests a similar response of ammonium and FRP 
fluxes below the accumulation, and a reduction in the oxic process of nitrification. 
Concentrations of FRP and ammonium should increase as they accumulate in, and diffuse 
out of, the sediments under anoxic conditions. Nitrate concentrations should stabilise or 
decrease, as nitrification is inhibited. High concentrations of ammonium have been reported 
inside macroalgal accumulations, occurring concurrently with low dissolved oxygen 
concentrations (Lavery and Mccomb, 1991a; Sundback et al. , 1990; Sfriso et al. , 1987; Birch 
et al. , 1981 ). Some of these studies also reported elevated inorganic phosphorus 
concentrations and suggested this was due to desorption of phosphorus from iron hydroxides 
under the reducing conditions inside accumulations. 
In this study, significant increases in nitrate, and ammonium, occurred simultaneous with 
decreases in dissolved oxygen and pH. However, increases in phosphate were not observed. 
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The absence of any significant difference in phosphate concentrations within and outside 
macroalgal accumulations may be explained in ways still compatible with the general model. 
It is possible that the redox conditions were not sufficiently low to allow the desorption of iron ­
bound phosphorus, particularly at Deepwater Pt, in the Canning River. We recorded oxygen 
levels as low as 1 mg L-1 but never anoxia. In contrast to the biologically mediated 
ammonium accumulation, the purely chemical nature of the phosphorus response would 
preclude an orthophosphate flux. Under conditions more conducive to a higher respiration 
rate (such as warmer temperature) it may be possible to produce anoxic conditions and 
stimulate phosphorus desorption. It would appear that the increase in respiratory rates would 
not need to be substantial as anoxia was almost achieved overnight in this study. A third 
explanation is that active uptake and assimilation of the phosphorus by the algae may have 
reduced detectable changes in concentrations in the underlying water. It is not uncommon for 
estuarine algae to be seasonally P-limited (Mccomb and Lukatelich, 1986). The same may 
apply to ammonium, however it is well established that in the Swan River sediment porewater 
ammonium concentrations are up to orders of magnitude higher than phosphorus 
concentrations under anoxic conditions (Oldham and Lavery, in press). This may result in 
sediment-water ammonium flux that may well swamp algal requirements, and could explain 
why ammonium concentrations were not seen to significantly differ between seasons. 
The results also provide some evidence that the influence of algal accumulations on benthic 
nutrient flux is dependent, partially, on the organic content of the underlying sediment. At the 
Swan River location sediment organic content was higher than at the Canning River location, 
dissolved oxygen levels were generally bwer throughout the accumulations over the 24 hour 
period, and hypoxic by early morning. This was accompanied by elevated ammonium 
concentrations. Hansen and Kristensen (1997) examined sediment metabolism and 
exchange of nutrients across the sediment-water interface at two sites with organic contents 
similar to those used in this study - one site with a low sediment organic content (<1.4%LOI), 
and a second site with a high content (5 -14%LOI). As here, Hansen and Kristensen (1997) 
found the sediment oxygen demand at the organically rich site to be higher. In addition, the 
higher organic content was attributed to the frequent coverage and deposition of filamentous 
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macroalgae. Lavery and Mccomb (1991a) suggest that low dissolved oxygen levels inside 
macroalgal accumulations may not only be the result of macroalgal respiration, but may also 
result from macroalgal decay causing increased biological oxygen demand, due to increased 
microbiological activity in the accumulation and sediments. Other results from nitrogen 
cycling studies suggest that sediments with algal accumulation had higher remineralisation 
rates of benthic nutrients, and therefore bacterial activity, than without accumulations (e.g. 
Sundback et al. , 1990). Supportive of this is the decrease of pH overnight, and the increase 
in ammonium concentrations, suggesting mineralisation of organic nitrogen to ammonium. 
Together, these observations suggest that the influence of algal accumulations is a complex 
product of both the nature of the accumulation (its depth, density and so on) as well as the 
environment in which it is located. In this study accumulations were essentially the same 
physically, yet the underlying nature of the sediment may well explain why at one site they 
appeared to effect ammonium and nitrate fluxes but not at the other. 
While accumulations clearly have the potential to affect sediment-water nutrient fluxes, there 
remains the question of how long the accumulations persist and the time-scale over which 
they must persist to influence water quality. In the Canning River, accumulations persisted for 
at least monthly time-scales. Although not a lagoon, the Canning River has little freshwater 
flow due to a weir in place, some 20km upstream from where the river meets the estuarine 
basin. The weir is not regularly opened, resulting in the Canning River being saline 
throughout most of the year, and is a broad, meandering, shallow (average depth of 0.5 to 
1m) water body. Freshwater flow is not strong and shows little seasonal variation. This 
probably accounts for the widespread and relatively persistent accumulations in the Canning 
River. In contrast, flow in the Swan River is relatively unregulated with a distinct seasonal 
flush (refer to section 3.3, figure 3.12). That flush coincided with this study and resulted in 
most tagged macroalgal accumulations persisting for less than one week. Talbot et al. (1990) 
observed that aquatic macrophyte communities were relatively stable in the absence of large 
freshwater flows in South African estuaries, while in the event of a large flow, macrophyte 
populations were severely diminished, if not removed entirely. Josselyn and West (1985) also 
suggest that freshwater flow in estuaries is a short -term process affecting unattached 
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macroalgal accumulations. The results of this study and the literature indicate that when the 
annual freshwater flush of seasonal estuaries such as the Swan -Canning Estuarine System 
are impeded in some way, the persistence of macroalgal accumulations is increased and 
therefore the impacts of their presence are increased both spatially and temporally. 
Despite the ability of accumulations examined in this study to influence water quality, that 
influence was clearly confined to water within the algal accumulations. The pro posal that 
unattached macroalgal accumulations derive inorganic nutrients for growth, particularly in 
summer seasons when nutrient-rich river input ceases and maximal growth rates occur from 
remineralisation of sedimentary inorganic nutrients, is documented (Lavery and Mccomb, 
1991a; Sfriso et al. , 1987; Mccomb et al. , 1981). Again this study supports that concept, but 
also indicates that accumulations need only persist for periods of about 24 hours to establish 
the conditions which can cause altered sedim ent-water nutrient exchange. The persistence 
studies showed that most accumulations persisted for this length of time. In addition, 
previous data collected during this study (Chapter 3) suggests that it is more the local, micro 
conditions that influence algal accumulations, than widespread conditions in the Swan­
Canning Estuarine System. Therefore, it is reasonable to assume that not only are 
accumulations capable of generating conditions that can provide sediment nutrient fluxes, 
they can do this over very short time-scales, and persist for periods which would permit them 
to take advantage of their influence for luxury nutrient uptake. This would support growth 
during nutrient-poor summer growth periods. This represents an effective nutrient acquisition 
strategy in South-Western Australian estuaries, many of which are known, or suspected, to be 
seasonally nutrient-limiting for algal growth (Lavery and Mccomb, 1991b; Mccomb and 
Lukatelich, 1986). 
CONCLUSION 
The purpose of this chapter was to investigate both diurnal and seasonal impacts of 
macroalgal accumulations on sediment-water nutrient fluxes in the field. In addition, to 
consider the relevance of observed macroalgal impacts on benthic nutrient fluxes, both from 
this chapter and the previous, by considering these findings together with dimensions and 
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persistence of accumulations measured within the Swan-Canning Estuarine System. These 
studies indicated that the morphological parameters depth and density, the period for which 
an accumulation persists, and characteristics of the underlying sediment (in particular, organic 
content), were all strongly influential in determining how an algal accumulation impacts 
benthic nutrient processes. This was clearly demonstrated by the comparison of the Swan 
River and Canning River sites employed in these experiments. 
The presence of macroalgal accumulations in the Swan-Canning Estuarine system is not 
necessarily an undesirable feature. These are presumably important primary producers and 
do not accumulate to levels that cause offense or widespread water quality problems. 
However, if macroalgal accumulations were to reach proportions creating such problems, 
management implications would be great, as accumulations are able to persist for long 
periods in quiet waters. For example, in the seasons of winter and spring, macroalgae can 
obtain necessary nutrients for growth from the water column rich in nutrients from freshwater 
input, and during summer and autumn derive nutrients from the remineralisation of benthic 
nutrients. Consequently, the only apparent means of reducing or removing unattached 
accumulations would be by physical means. This occurs naturally with seasonal estuarine 
flushing. However, interrupting freshwater flow into estuaries (e.g. by damming) , impedes 
seasonal removal of unattached macroalgae, as observed in the Canning River. The 
ramifications of this would be two fold. Firstly, the extended presence of accumulations over 
soft-sediment evidently results in the remineralisation of benthic nutrients, otherwise 
unavailable to primary producers in the overlying water column. Remineralised nutrients not 
utilised by accumulations may affect other ecological processes. Secondly, unattached 
macroalgae also represent a nutrient store within the estuary, and are normally removed from 
the system with flushing. However, with reduced flushing, this source of nutrients persists in 
the system, a further management implication for an estuary already approaching meso­
eutrophic status. Therefore, the management implications are straightforward - with regular, 
seasonal flushing in estuaries, the formation and persistence of unattached macroalgal 
accumulations is perennial rather than permanent. This way, the impact of benthic nutrient 
remineralisation as a result of the presence of accumulations occurs only in summer and 
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autumn months, when water column nutrients also happen to be relatively low. Thus, 
reduction or preclusion of estuarine freshwater flushing by human intervention should be 
guarded against. 
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CHAPTER 6: 
IMPACTS OF UNATTACHED MACROALGAL ACCUMULATIONS ON MICROORGANISM 
POPULATIONS IN THE SEDIMENT, AND NITROGEN CYCLING. 
6.1 INTRODUCTION 
The nitrogen cycle is a complex series of transformations, including those whereby organic 
nitrogen is remineralised to inorganic nitrogen by microorganisms, through different states of 
oxidation (Figure 6.1; Van Demark and Batzing, 1987). The cycle includes four significant 
processes: ammonification, nitrification, denitrification, and nitrogen fixation mediated by a 
range of microorganisms. Of these processes, there is particular interest among estuarine 
managers in denitrification (Seitzinger, 1988). Denitrification is the conversion of nitrate and 
nitrite to nitrogen gas via nitrous oxides. Importantly, this process does not convert nitrate to 
another form of dissolved inorganic nitrogen (e.g. ammonium) but a gas which is lost to the 
atmosphere, making it unavailable to organisms such as macrophytes and most 
phytoplankton which require inorganic nitrogen for biomass production (Seitzinger, 1988). 
Therefore, this process is potentially important in the nitrogen budget of an ecosystem, as it 
represents one of very few nitrate losses. More specifically, this process is of great interest 
in aquatic ecosystems such as estuaries, which are commonly nutrient enriched to some 
degree, with subsequent phytoplankton blooms being a large management issue. 
Denitrification is a biologically mediated process carried out mostly by heterotrophic and 
facultatively anaerobic denitrifying bacteria, in hypoxic to anoxic conditions (approximately 
0.2mg/L dissolved oxygen, or less) (Seitzinger, 1988). Consequently, denitrification is mostly 
restricted to reducing zones of the sediment in aquatic environments, though these may 
occur as microzones in otherwise oxidised conditions. Denitrification is the result of bacterial 
respiration where highly oxidised nitrate is used as a terminal electron acceptor in place of 
oxygen . .  This process enables the bacteria to oxidise and assimilate organic carbon in 
reducing environments (Seitzinger, 1987; Seitzinger et al., 1984). 
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FIGURE 6.1: The Nitrogen Cycle (after Van Demark and Batzing, 1987). 
Nitrification and ammonification directly affect denitrification. Nitrification is the two-step 
microbial process whereby ammonium is oxidised to nitrite then nitrate under oxic conditions 
(Bodelier et al. , 1996). Nitrification and denitrification may be tightly coupled, particularly in 
the sediment, where anoxic and oxic zones either meet or co-occur as microzones (Jenkins 
and Kemp, 1984). This coupling can be so tight that if nitrification is inhibited (for example, 
in anaerobic sediments), the rate of denitrification is also affected, and may cease (Kemp et 
al. , 1990; Seitzinger et al. , 1984). Ammonification is the microbial oxidation of benthic 
organic nitrogen to ammonium. The ammonium produced is often the substrate for 
nitrification (Kemp et al. , 1990). Thus, all three processes, ammonification, nitrification, and 
denitrification may affect one another, directly or indirectly. 
149 
Depending on their productivity in an aquatic environment, and therefore the amount of 
nitrate consumed, denitrifiers may compete with other organisms that require nitrate - such 
as phytoplankton (Nowicki, 1994; Orem land et al. , 1984). Consequently, benthic microbial 
activity may affect the availability of nitratenitrogen to pelagic organisms such as 
phytoplankton. Since nitrogen is a principal limiting factor of phytoplankton blooms in many 
estuaries and marine systems (e.g. Thompson and Hosja, 1996), factors affecting 
denitrification rates are of great interest to managers. As denitrification is a biological 
process, it is directly affected by temperature, concentrations of dissolved oxygen, organic 
carbon, and nitrate (Seitzinger, 1988). Denitrification may also be indirectly inhibited in 
completely anaerobic sediments, as nitrification will not proceed (Seitzinger, 1988). Also, if 
there is large amounts of organic carbon in the environment, dissimilatory nitrate reduction 
(DNRA) may be stimulated. DNRA is the conversion of nitrate to nitrite, and possibly to 
ammonium. This process is in direct competition with denitrification for nitrate as a substrate 
(Kelso et. al. , 1997). 
Since benthic denitrification is an anaerobic process, other oxygen-producing and oxygen­
consuming activities at the sediment surface, or within the sediment, will affect denitrification 
rates. Primary producers such as macroalgae both produce and consume oxygen, with 
daylight photosynthesis and dark respiration, respectively. There have been few studies 
considering diurnal variation in denitrification rates as a result of benthic primary productivity 
(Bodelier et al. , 1996; Andersen et al. , 1984; Jannasch, 1960). Studies have observed 
depressed denitrification rates during the day as a result of microphytobenthic photosynthetic 
activity causing increases in ambient oxygen levels, and increased denitrification rates at 
night due to respiration and decreases in ambient oxygen levels, in the presence of benthic 
plants (Andersen et al., 1984; Triska and Oremland, 1981). Macrophytes may also affect 
denitrification, attributable to the release of oxygen through roots into the sediment (Bodelier 
et al. , 1996). This is analogous to bioirrigation by sedimentary fauna (Gilbert et al., 1998; 
Enoksson and Samuelsson, 1987; Jenkins and Kemp, 1984). 
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Little consideration has been given to the impacts of unattached macroalgal accumulations 
on sedimentary denitrification. The occurrence of accumulations in soft-sediment 
environments such as estuaries, is common and well documented, particularly in eutrophic 
systems (Bell and Hall, 1997; Collado-Vides et al. , 1994; Sfriso et al. , 1987). The previous 
chapters showed these accumulations could affect oxygen concentrations at the sediment 
surface, and suggests a strong possibility that accumulations could provide a daily oxic­
anoxic switch, allowing nitrate production during oxidising periods and denitrification at other 
times. If unattached macroalgal accumulations do have an impact on sediment 
denitrification rates, it is expected the impact would be observed in the soft-sediment 
environments of estuaries, but could also be occurring in coastal regions such as 
embayments and coastal lagoons, with unattached macroalgal accumulations. 
Hence, the aim of this study was to determine if benthic denitrification rates were affected by 
the presence of unattached macroalgal accumulations in sediment collected from the Swan ­
Canning Estuarine System, Western Australia, a partially eutrophied system (Thompson and 
Hosja, 1996). Denitrification rates of sediment with and without macroalgal cover were 
measured directly by the headspace, or nitrogen flux, technique (Seitzinger, 1996; Nowicki, 
1994). In addition, the relationships of benthic microalgae and sediment organic content to 
denitrification rates, were also investigated. Three sampling regions were chosen with 
different sediment organic contents, and areas where macroalgal accumulations were 
commonly observed. As denitrification is a microbial process, microbial populations were 
quantified in the macroalgal layer, the oxic and anoxic zones of sediments, both covered and 
uncovered by macroalgae. Total microbial numbers were estimated, as were numbers of 
ammonium and nitrite oxidisers, and nitrate reducers/denitrifiers. Finally, chlorophyll a 
concentrations in sediment oxic and anoxic zones were determined as a measure of benthic 
microalgae. 
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6.2 MATERIALS and METHODS 
6.2.1 EXPERIMENTAL DESIGN 
The experiments investigated impacts of macroalgal accumulations on populations of 
nitrogen-using microorganisms (i.e. ammonifiers, nitrifiers, and denitrifiers), and also the 
nitrogen sources utilised by these organisms, in the sediment. Thus, the null hypothesis for 
these experiments was: 
The presence of unattached macroa/gae over sediment does not affect benthic denitrification 
rates, the distribution and abundance of benthic microorganisms, nor the benthic nitrogen 
pools used by these organisms. 
To test this hypothesis, an experiment was established to compare denitrification rates in 
sediments overlaid by macroalgae, and in the absence of macroalgae. 
The experiment was replicated on sediment from Maylands (Swan River), Pelican Rocks 
(Swan-Canning Basin), and Nedlands (Swan-Canning Basin) (Figure 6.2), to investigate 
several sediments with varying organic contents. The following variables were measured 
during experimentation: ammonium and nitrite+ nitrate (hereafter referred to as nitrate) in 
the water column and porewater; oxygen and nitrogen gas concentrations in the gaseous 
phase of the chamber headspace; numbers and distribution of microorganisms in the 
sediment and algal layers; sediment organic content. Differences in these variables were 
compared between treatments (i.e. with or without algae), and over time. The design of the 
experiments corresponded to a one-way repeated measures ANOVA (Table 6.1 ). 
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TABLE 6. 1: One-way repeated measures ANOVA design applied for experiments 
investigating the impacts of macroalgae on benthic populations of nitrogen-using 
microorganisms and nitrogen fluxes in the treatments (1) water only, (2) sediment only, (3) 
sediment+ algae, and (4) dark sediment. 
FACTOR TREATMENTS 
Time 3 5 
Treatment 1 2 3 4 1 2 3 4 2 3 4 
Replicates 3 3 3 3 3 3 3 3 3 3 3 3 
6.2.2 MEASURING DENITRIFICATION 
The production of nitrogen gas was used as a direct measure of denitrifying activity. Since 
nitrogen is such a ubiquitous gas it is difficult to measure nitrogen production, particularly low 
rates. Many denitrification methods employ chemical applications to aid denitrification 
measurements, such as the acetylene reduction method and the isotope tracer method, 
which have advantages and disadvantages (Seitzinger, 1988). However, a direct 
measurement of nitrogen production exists, developed by Seitzinger et al. (1980), and later 
modified by Nowicki (1994). Essentially, the method involves incubating intact sediment 
cores in gas-tight glass chambers. Before assembly, the chambers and overlying water of 
the cores are pre-flushed with an oxygen-helium gas mix, to minimise atmospheric nitrogen 
present within the chambers. Sediment and water are then added to the chambers, allowing 
for an overlying gas phase (or headspace). The chambers are then sealed and nitrogen 
levels in the gas phase are measured over an incubation period (Seitzinger, 1993). Two 
control chambers are employed within the experimental design. Firstly, a chamber with 
water only, to measure the passive diffusion of nitrogen out of water under experimental 
conditions. Secondly, a dark chamber which is not exposed to light throughout the incubation 
period. This chamber is pre-flushed with helium only gas, in order to drive the intact core 
anoxic as quickly as possible. In doing so, the oxic process nitrification will cease, in turn 
causing ·denitrification to cease due to diminished substrate concentrations. This will allow a 
measurement of passive diffusion of nitrogen from the sediment, rather than an active 
production of nitrogen (Nowicki, 1994). Nowicki (1994) developed the dark control chamber 
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in an effort to reduce the pre-incubation time established originally by Seitzinger (1 980), from 
1 0  to 3 days. 
This study employed a pre-incubation period of one day only, and considered ni trogen flux 
rates as a collective of passive release and active denitrification. This decision was made on 
the basis of previous sediment-water nutrient release studies suggesting that maintenance of 
intact sediment cores in laboratory studies of periods over 5 to 7 days produced high levels 
of variation, and potentially error, in nutrient measurements (see Chapter 4). In addition, 
experimental artifacts may develop due to prolonged anoxic conditions. The shorter pre­
incubation also removes the need to exchange water within the chamber, during which 
contamination with atmospheric nitrogen is highly possible. A comparison of nitrogen release 
rates measured using Nowicki's method (Nowicki, 1 994) and the method used here, were 
made on the same sediment to investigate potential differences between the methods 
(Appendix 2). 
The technicalities of the procedure are detailed below, and a specific account of direct 
nitrogen flux measurement can be found in Seitzinger (1 993). 
6.2.3 COLLECTION OF BIOLOGICAL MATERIAL & ASSEMBLY OF TREATMENTS 
Sampling Sites 
Of the three sites (Figure 6.2), sediment organic content was highest at Maylands, in the 
Swan River. All sites were in water less than 2m deep, with no stratification of the water 
column. Salinity and temperature remained at approximately 25 to 30ppt and 20 to 24°C, 
respectively, at all sites for the duration of the experimental period. Sites 1 and 3 are in 
sheltered embayments, while site 2 is situated on extensive, permanently submerged 
mudflats, exposed to westerly winds. There is a high degree of urbanisation along the 
foreshore at all three sites. 
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Collection of Sediments 
Between late March and early June 1998, 6.5cm i.d. sediment cores were collected using 
perspex cylinders, to a depth of approximately 10cm. Water was collected from 
approximately 0.25m above the sediment surface, and surface and bottom measurements of 
temperature and salinity were recorded using a Yeo-kal Salinity Temperature Bridge Model 
602 MKII. The cores were immediately taken to a temperature-controlled laboratory, 
i ncubated at in situ temperatures (22 .:!:. 2°c), with a day/night light regime of 14L:10D. 
Within 6h of collection, the top 5cm of sediment cores had been removed and placed in  
glass i ncubation chambers o f  the same diameter (Figure 6.3), which had been pre-gassed for 
several minutes with a nitrogen-free gas mixture (79% He, 21 %02). Design of the i ncubation 
chambers and experimental procedure were adapted from Sei tzinger (1996) and Nowicki 
(1994). 
Establishing Treatments 
Four treatments were established. Three of these were as per Nowicki (1994) (see above), 
and consisted of a dark control, a sediment treatment, and water only. The fourth was as per 
the sediment treatment, but with an algal layer added. The macroalgal layer was 5cm in  
height, and placed over the sediment surface. 
The first treatment, water only, was placed in an incubation chamber to serve as a control for 
passive release of nitrogen gas from water. In the second treatment, sediment was overlain 
by water to determine the release rate from sediment. The third treatment was sediment 
overlain by water and algae, from which ni trogen release rates would be measured and 
compared to the 'sediment+ water' treatment to i nvestigate the impact of a macroalgal layer 
on release rates. A fourth treatment was used, sediment overlain by water and incubated in 
the dark. This treatment was established to measure the release rate of ni trogen from 
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sediment in the absence of nitrification (i.e. a dark control). It should be noted however that 
nitrogen release rates presented in the results are a collective of passive and active sources 
of nitrogen from the sediment. Nitrogen release rates have been presented in this form as 
recorded rates were low, and subsequently pas sive nitrogen release appears to be a large 
contribution to total nitrogen release rates at the time of these experiments. 
INDIAN 
OCEAN 
32°s 
Swan�annin� c�uanne 
Basin 
5 Kilometres 
FIGURE 6.2: Location of collection sites at Maylands, Swan River, Pelican Rocks and 
Nedlands, Swan-Canning Estuarine Basin. 
Filtered water (0.45µm; Whatman) collected from the sampling site, previously sparged for 
20mins with nitrogen-free gas mixture, was then added to the closed chambers through 
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sidearms under pressure of nitrogen-free gas mixture. A headspace of approximately 1 00ml 
was allowed at the top of the chambers, and was flushed for several minutes after addition of 
water with gas mixture. A floating stir bar was positioned to sit just below the surface of the 
water column, thus mixing the water and gas phases for the du ration of the experiment, while 
not disturbing the surface of the sediment. After flushing, the sidearms were closed with 
teflon stopcocks, and a rubber septum was placed over one sidearm for gas sampling. 
Flushing of the chamber and headspace, and sparg ing of filtered water in dark treatment 
cores, was done with 1 00% helium gas as these treatments were to be incubated under 
anaerobic conditions. Dark treatment chambers were wrapped in aluminum foil and 
incubated in the same laboratory as other treatments. Covering chambers prevented 
photosynthesis and oxygen production by benthic microalgae. The bottom 7cm of exposed 
chambers was covered in aluminum foil, to prevent exposure of the sediment profile to light. 
Sampling of nitrogen and oxygen gases in the chamber headspace was undertaken at 24, 72, 
and 1 20h after assembly. Gas samples were collected using a Hamilton gas-tight syringe. 
The syringe was flushed three times with helium gas, emptied, then inserted into the 
headspace while a continuous stream of helium gas passed over the septum and syringe tip. 
The syringe was flushed three times in the chamber headspace; a 1 00µL gas sample was 
then extracted and injected into a vacutainer'fM prefilled with helium gas. The syringe tip 
always remained under a stream of helium gas during extraction and deposition of the gas 
sample. After the sample had been collected, both sidearm stopcocks were opened, and the 
headspace was flushed for several 
minutes with a fast-flowing stream of helium-oxygen mixture, or 1 00'/o helium for dark 
treatment chambers; the chambers were then resealed. Immediately after flushing, another 
gas sample was taken as described above. 
157 
6.2.4 WATER COLUMN, SEDIMENT, AND ALGAL NUTRIENT ANALYSIS 
Initial measurements of N03 and NH4 in the porewater and water column were taken from 
additional sediment cores and water collected from the site. It was assumed that these 
samples were representative of the sediment and water in the experimental treatments at 
commencement of the experimental period. Upon completion of the experiment, chambers 
were opened, and sediment porewater and water column samples were taken for NO 3 and 
NH4 analysis. Sediment porewater was extracted from the entire sediment core 
(approximately 200cm3) using a sediment squeezer (Wildco 2214-c30) at an operating 
pressure of approximately 100psi. Porewater was filtered (Whatman, 0.45µm), stored in 
Whirlpaks™ , frozen for no more than one month, and analysed for ammonium and nitrate. 
Ammonium in water column and porewater samples was measured using the Automated 
Phenate method, and nitrate using the Automated Cadmium Reduction method (APHA, 
1992), on a Skalar Autoanalyser. After porewater extraction, sediments were analysed for 
organic content. In treatments containing macroalgae, algal tissue was removed, dried, and 
analysed for total nitrogen (TN) content. 
6.2.5 ENUMERATION OF MICROBIAL POPULATIONS 
Four additional cores of sediment and sediment with macroalgal cover were collected with 
experimental cores from the sampling sites (see Sediment Collection and Incubation). It was 
assumed that microbial populations in these samples would be representative of those in 
sediment of experimental treatments at commencement of the experiments. Benthic 
microbial populations were measured at the commencement of experimentation in additional 
cores, in preference to the end of the experimental period in experimental cores, so 
experimental artifacts would not influence microbial numbers recorded. Sediment cores to 
be measured for microbial numbers were held for no more than 24h after collection, at 4 °c in 
the dark" Cores were divided into 'oxic' and 'anoxic' sections the transition recognised by 
sudden darkening of the sediment. In cores with macroalgal cover, the macroalgal material 
was also considered a section. From each section, a 20g sample was taken and suspended 
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in 100ml of water(collected from the site), then shaken vigorously for 20min. Macroalgal 
samples of 2g fwt were placed in 100ml of water, and shaken for 20min on a sediment 
shaker at approximately 100rpm. One millilitre of the resuspended solution of each sediment 
and algal sample was then serially diluted 7 fold, in sterile saline solution (0.9%w/v). Ten 
microlitre aliquots of each dilution were pipetted onto solid nutrient agar plates in duplicate. 
Fifteen millilitre liquid broth cultures selective for ammonium oxidisers, nitrite oxidisers, and 
nitrate reducers/denitrifiers were inoculated for Most Probable Number (MPN) counts from 
each sediment/algal section. All liquid and solid inoculated media were incubated in a 
constant temperature room at 28°C. Agar plates were incubated for two weeks, while broth 
cultures were incubated for 6 weeks. By using nutrient agar plates, which are non -selective, 
and liquid broth cultures selective for ammonium, nitrite, and nitrate utilisers, a total count of 
bacterial numbers, and counts for nitrogen utilisers could be determined, respectively. 
A 2g sediment sample was taken for chlorophyll a analysis from the oxic and anoxic 
sediment sections of cores with and without macroalgal cover. Samples were immediately 
placed in 90% acetone, put on ice, and kept in the dark overnight. Chlorophyll a 
concentrations were determined as described in Analytical Measurements, below. 
Diurnal changes in in situ sediment-water nutrient releases from sediment covered by 
unattached macroalgae, was described in Chapter 5. Consequently, it was assumed that the 
presence of unattached macroalgal accumulations has rapid impacts on nitrogen cycling 
microorganisms in the underlying sediment (i.e. within 24 hours). Sediment not covered by 
macroalgae was collected from the same area as sediment covered by macroalgae, 
however, uncovered cores were collected some 15-20m from the outer edge of the 
macroalgal accumulation, while covered cores were collected from within the accumulation. 
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FIGURE 6.3: Design of gas-tight incubation chamber for denitrification measurements using 
the 'headspace' technique (adapted from Seitzinger, 1 993 and Nowicki, 1 994). 
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6.2.6 Media Preparation 
The following media were adapted from Cappuccino and Sherman (1996) (Table 6.2). 
Attempts to make media with water collected from sampling sites were not successful as a 
component of the water interacted with media additives, creating flocculants after 
autoclaving. Consequently, double deionised water was used to make all media, and sodium 
chloride was added to adjust the salinity of ambient concentrations. All media were sterilised 
at 121°c for 20min. 
TABLE 6.2: The formulae used for liquid culture broths selective for nitrite, ammonium, and 
nitrate utilising microorganisms, taken from Cappuccino and Sherman (1996). 
MEDIUM UTILISER pH INGREDIENTS AMOUNT (g/L) 
Ammonium Su/fate Ammonium 7.3 Ammonium sulfate 2 
Broth Oxidisers Magnesium sulfate.7H20 0.5 
Ferric sulfate.7H20 0.03 
Sodium chloride 0.3 
Sodium carbonate* 1 
Dipotassium hydrogen phosphate 1 
Nitrite Broth Nitrite 7.3 Sodium nitrite 2 
Oxidisers Magnesium sulfate.7H20 0.5 
Ferric sulfate.7H20 0.03 
Sodium chloride, 0.3 
Sodium carbonate 1 
Dipotassium hydrogen sulfate 1 
Nitrate Broth Nitrate Reducers/ 7.2 Tryptic soy broth** 8 
Denitrifiers Potassium nitrate 5 
6.2.7 ANALYTICAL MEASUREMENTS 
6.2. 7. 1 Nitrogen and Oxygen Gases 
Gas samples were analysed for N2 and 02 content by injection into a gas chromatograph 
(Varian Vista 6000), equipped with a stainless steel Porapak Q column (2m x 3mm i.d.) 
packed with molecular sieve size 80-100 mesh, a thermal conductivity detector, and helium 
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as a carrier gas (flow rate 27ml/min). The instrument was calibrated on each occasion by 
injecting sequential volumes of high purity nitrogen and oxygen gas standards. 
6.2. 7.2 N02 + NOa, and NH4 
Ammonium was measured using the Automated Phenate method, and nitrite/nitrate using the 
Automated Cadmium Reduction method (APHA, 1992) on a Skalar Autoanalyser. 
6.2. 7.3 Chlorophyll a 
Chlorophyll a was extracted from pre-weighed sediment samples in 90% acetone, and left for 
24h in the dark, on ice (approximately 4°C). Samples were centrifuged at approximately 
2000xg for 10mins. The supernatant was drawn off and absorbance measured on a 
spectrophotometer at wavelengths of 630, 647, 664, and 750nm. Chlorophyll a concentration 
was calculated according to the Trichromatic method of Strickland and Parsons (1972). 
6.2. 7.4 Determination of Microbial Nitrate Assimilation 
At the end of a six week incubation period, all nitrate-based culture broths with positive 
growth were tested using the following m ethod from Cappuccino and Sherman (1996) to 
determine if the organisms present were nitrate reducers or denitrifiers. The test is of two 
parts - the first step checks for the presence of nitrite (i.e. nitrate has been reduced to nitrite). 
The second part checks that, if there is no nitrite present, that there is also no nitrate present 
(i.e. nitrate has been reduced to N2, NO, or N02 gas). 
1. Checks for the presence of nitrite, by adding 1 ml of reagent A, and 1 ml of reagent 8 to 
the culture. Development of red colour indicates the presence of nitrite (i.e. nitrate has 
been reduced to nitrite). 
2. Checks if nitrate has not been reduced at all, or if the nitrite has been further reduced to 
nitrogen, NO, or N02. To test for residual nitrate, zinc powder is added to the culture 
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with previously added reagents A and B. If red colouration develops in the culture, then 
there i s  residual ni trate. 
REAGENT A: Sulphani lic acid (4-aminobenzene sulfonic acid) 
SM Acetic acid 
REAGENT B: 8-aminonaphthalene-2-sulphonic acid (Cleve's acid) 
SM Acetic acid 
6.2.7.5 Sediment Organic Content 
8g 
1 L  
8g 
1 L  
Sediment organic content was determined by drying sediment at 1 00°C for 2 days, then 
combusting at 550°C for 12h. Organic content was measured as loss on i gnition (%LOI), the 
difference in  weight before and after combustion at 550°C as a percentage. 
6.2.7.6 Macroalga/ Biomass 
Macroalgal biomass was dried at 70-80°c to a constant dry weight then recorded as g 
dwt/m2• 
6.2. 7. 7 TN of Macroalgal Tissue 
TN content of macroalgal tissue was measured using a Europa ANCA/GSL 20-20 Mass 
Spectrophotometer Analyser. 
6.2.8 Data Analysis 
The data were analysed using ANOVA to determine significant differences between 
treatme(lts. Tests to determine normali ty and homogeneity of variance in  the data were 
conducted prior to analyses, using the Hartley F-Max Statistic, the Cochran C stati stic, and 
the Bartlett Chi-square test (Statistica, 1 995). Data found to be not normally distributed were 
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log-transformed prior to analyses. Mean nitrogen and oxygen gas concentrations in different 
treatments and time were analysed using two-factor Repeated Measures ANOVAs. This 
analysis was conducted for each experiment individually, removing sediment type as a 
factor. By doing this, the sediment type and impact of algal presence remained the 
emphasis of analyses. In addition, data of all three experiments were pooled and re­
analysed using the same method to increase the power of the factor 'treatment' in analyses. 
Water column and porewater nutrient concentrations were analysed using one -way ANOVAs 
where treatment was the independent factor. As water column and porewater samples could 
only be taken from treatments after the experimental period, changes over time could not be 
assessed. However, water column and porewater samples were taken from additional water 
and sediment samples prior to experimentation, and these measurements were considered 
as another treatment and included in analyses. Post-hoe analyses were used to elucidate 
significant results. One-way ANOVAs were also used for tissue TN and sediment organic 
content data, where independent factors were before and after experimentation, and site, 
respectively, for the two data sets. 
6.3 RESULTS 
6.3.1 Nitrogen & Oxygen Concentrations 
The nitrogen release rates presented here are a collective measure of active denitrification in 
the treatments, and of passive release of gas dissolved in the water column and sediment 
columns. Analyses found little significant variation in nitrogen release rates attributable to 
the factors treatment and time, nor their interaction (Table 6.3). More specifically, nitrogen 
release rates of 'sediment + algae' treatments were not significantly different to nitrogen 
release rates of 'sediment only' treatments. Release rates measured in the Maylands 
sedimen.t treatments varied significantly between treatments, and post-hoe analyses revealed 
this was due to significant differences between the 'water' and 'sediment only' treatments 
(Table 6.5). In the Nedlands experiment, nitrogen release rates varied significantly over time 
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(Table 6.3). When the data of all experiments were pooled, ni trogen release rates were not 
found to vary significantly due to treatment or time (Table 6.4). Release rates measured 
between days 1 and 3, and days 3 and 5, were generally between 0.1 and 0.8mmol Nim 2/d 
for all treatments, for all experiments (Figure 6.4a-c). Negative flux rates of approximately 
0.1 mmol N/m2/d were recorded however, for the treatments 'water only' and 'sediment only', 
between days 1 and 3 and 3 and 5, respectively. Thus, these results show little variation in 
ni trogen release rates between treatments with or without algal cover, and over time. 
All treatments remained oxic in the headspace throughout the experiment, with no significant 
differences in concentrations between treatments (Table 6.3). Oxygen concentrations in the 
headspace varied significantly over time in Maylands and Pelican Rocks experiments, with 
the interactions of treatment and time also significant in the former (Table 6.3). Oxygen 
concentrations were consistently between 3.5 and 5mg/L in the headspace of treatments for 
all experiments (Figure 6.5a-c). 
6.3.2 Inorganic Nutrients 
Nitrate concentrati ons in the water column did not vary signifi cantly between experimental 
treatments, with the exception of the experiment using Nedlands sediment (Table 6.6). 
Therefore, the presence of macroalgae did not significantly influence water column ni trate 
concentrations relative to those of bare sediment treatments. Post-hoe analyses revealed 
the significant result of treatment in the Nedlands experiment was attributable to significant 
differences in  water column nitrate concentrations between water and sediment treatments 
(Table 6. 7). Water column nitrate concentrations in treatments of the Maylands experiment 
were 90µg/L on day 0, and ranged between 35 and 80 µg/L by day 5, being highest in the 
'sediment only' treatment (Figure 6.6a-c). In the Pelican Rocks experiment, water column 
ni trate concentrations were 40µg/L on day 0, remaining at 40µg/L in the 'water only' treatment 
on day 5, while increasing to 75µg/L in  the 'sediment + algae' treatment. In the Nedlands 
experiment water column nitrate concentrations were between 3 and 6 µg/L over the 
experimental period. 
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Water column ammonium concentrations varied significantly between treatments of all 
experiments (Table 6.3). However, the difference between the 'sediment + algae' and the 
'sediment only' treatments was only significant in the experiment using Nedlands sediment, 
in which the former was higher (Table 6. 7). All other significant differences were between 
combinations of the other treatments. On day 0, ammonium concentrations in the water 
column of Maylands and Pelican Rocks experimental treatments were 570 and 660µg/L, 
respectively (Figure 6.6a-c). At the end of the experimental period, ammonium 
concentrations had decreased relative to these concentrations in the 'water only' treatments 
of both experiments (470 and 530µg/L, respectively), and increased in all other treatments (to 
in excess of 800µg/L). In the Nedlands experiment, water column ammonium concentrations 
were between 3 and 8 µg/L in all treatments measured on days O and 5, except the 'sediment 
+ algae' treatment where they were 900µg/L on day 5. 
Sediment porewater nitrate concentrations did not vary significantly between treatments in 
experiments, except in the Maylands experiment (Table 6.6). Post-hoe analyses found the 
significant result was due to differences in porewater nitrate concentrations measured in 
sediment collected on day O and concentrations in the 'sediment only' and 'sediment + algae' 
treatments of day 5 (Table 6.7). However, there were no significant differences in porewater 
nitrate concentrations between the 'sediment only' and 'sediment+ algae' treatments 
measured on day 5, in all experiments. Porewater nitrate concentrations measured in 
Maylands sediment on day O was 3675µg/L, decreasing to between 1 300 and 1 700 µg/L by 
day 5 (Figure 6.7a-c). In Pelican Rocks sediment, porewater nitrate concentration on day 0 
was 740µg/L and decreased to 485µg/L in the 'sediment only'. Porewater nitrate 
concentrations on day O of Nedlands experimental treatments were 640µg/L. By day 5, 
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FIGURE 6.4a-c Mean nitrogen release rates (in mmol N/m2/d) for the treatments water only 
( l ), sediment only ( ?  ), and sediment + algae ( ) for sediments collected from (a) 
Maylands, Swan River, (b) Pelican Rocks and (c) Nedlands, Swan-Canning Basin (n=3) ± 
SE. 
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TABLE 6.3: Results of Repeated Measures ANOVAs of nitrogen release rates and oxygen 
concentrations measured in  treatments during the experiment (* = <0.05, ** = <0.01, ** = < 
0.001, NS = not significant). 
VARIABLE FACTORS d.f. F MS p-level 
N2 RELEASE RA TES 
Maylands treatments 2, 6 5.4358 0.3536 
time 1, 6 0.3035 0.0341 NS 
Treatment x time 2, 6 3.1036 0.3482 NS 
Pelican Rocks treatments 2, 6 0.1892 0.1001 NS 
time 1, 6 8.5282 1 .9401 
Treatment x time 2, 6 0.1720 0.0391 NS 
Nedlands treatments 2, 6 0.9277 0.3974 NS 
time 1, 6 5.6686 0.0331 NS 
Treatment x time 2, 6 7.1733 0.0419 
OXYGEN CONCENTRATIONS 
Maylands treatments 2, 6 0.7145 0.0872 NS 
time 2, 12 5.7748 0.4078 
Treatment x time 4, 12 3.3803 0.2387 
Pelican Rocks treatments 2, 6 0.4072 0.04201 NS 
time 2, 12 9.9901 0.7620 
Treatment x time 4, 12 1 .0990 0.0838 NS 
Nedlands treatments 2, 6 0.0476 0.0050 NS 
time 2, 12 0.7017 0.1049 NS 
Treatment x time 4, 12 1 .4457 0.2161 NS 
TABLE 6.4: Results of Repeated Measures ANOVAs of ni trogen release rate and oxygen 
concentration data pooled across Maylands, Pelican Rocks, and Nedlands experiments 
(* = <0.05, ** = <0.01, ** = < 0.001, NS = not significant). 
VARIABLE 
NITROGEN 
RELEASE RA TES 
FACTORS d.f. 
Treatment 2, 24 
Time 1, 24 
Treatment x time 2, 24 
F 
1.1094 
4.2504 
2.1653 
MS 
0.3354 
0.6443 
0.3283 
p-level 
NS 
NS 
NS 
TABLE 6.5: Results of post-hoes for Repeated Measures ANOVAs of ni trogen release rates 
for the Maylands experiment (* = <0.05, ** = <0.01, ** = < 0.001, NS = not significant). 
VARIABLE FACTORS d.f. F MS p-level 
MAYLANDS 
Nitrogen Release Water vs sediment only 1, 6 10.8693 0.7071 
Rates Water vs sediment + algae 1, 6 2.5792 0.1678 NS 
Sediment only vs sediment + algae 1, 6 2.8590 0.1860 NS 
sediment porewater concentrations of all treatments i n  the Nedlands experiment had 
decreased to between 350 and 515 µg/L. 
Sediment porewater ammonium concentrations did not vary signifi cantly between treatments 
i n  experiments, except i n  the Pelican Rocks experiment (Table 6.6). Post-hoe analyses 
found the significant result was due to comparatively elevated concentrations i n  the 'dark 
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TABLE 6.6: Results of single factor ANOVAs of water column and porewater nutrient concentrations for each experiment, sediment organic content and 
tissue nitrogen analyses measured in experiments (*=<0.05, **=<0.01, ***=<0.001, NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level d.f. F MS p-level d.f. F MS p-level 
MAYLANDS, SWAN RIVER PELICAN ROCKS, SWAN-CANNING NEDLANDS, SWAN-CANNING BASIN 
BASIN 
WATER COLUMN 
Nitrate Treatment 4, 1 0  3.2125 1 149.422 NS 4, 1 0  2.33928 0.3031 NS 4, 1 0  4.3547 0.363541 
Ammonium Treatment 4, 1 0  4.5787 331688.1 4, 1 0  3.629976 1 .2037 4, 1 0  4.9558 0.8362 
POREWATER 
Nitrate Treatment 3, 8 4.8989 0.455041 3, 8 2.5365 1 1 1952.2 NS 3, 8 3.8709 867410.9 NS 
Ammonium Treatment 3, 8 4.0289 0.163255 NS 3, 8 30.4360 104969E2 3, 8 3.5821 2985922 NS 
soc Site 2, 6 97.64217 12.37343 
TISSUE NITROGEN 
Maylands Algae day O vs algae day 5 1, 6 2.217247 1 12.8227 NS 
Pelican Rocks Algae day O vs algae day 5 1, 6 2.318959 144.5680 NS 
Nedlands Algae day O vs algae day 5 1, 6 76.47735 957.3594 
TOTAL BACTERIAL 
NUMBERS 
Maylands Algal/sediment section 4, 35 1 .6125 203310E6 NS 
Pelican Rocks Algal/sediment section 4, 35 6.3442 105886E5 
Nedlands Algal/sediment section 4, 35 0.7419 106107E8 NS 
CHLOROPHYLL a 
Pelican Rocks +/- algal cover 1 ,  4 2.4820 2.3313 NS 
Nedlands +/- algal cover 1 ,  4 6.8329 1 .5914 NS 
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TABLE 6. 7: Results of post-hoes for single factor ANOVAs of water column and porewater nutrient concentrations, sediment organic content, and total 
bacterial counts measured in experiments (*=<0.05, **=<0.01, ***=<0.001, NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level d.f. F MS p-level d.f. F MS p-level 
MAYLANDS, SWAN RIVER PELICAN ROCKS, SWAN-CANNING BASIN NEDLANDS, SWAN-CANNING BASIN 
WATER COLUMN Water day O vs water day 5 1 , 1 0  1 .464931 0.122294 NS 
Nitrate Water day O vs sediment day 5 1 , 1 0  7.173886 0.598885 
Water day O vs sediment + algae day 5 1, 1 0  2.295255 0.191611 NS 
Water day O vs dark sediment day 5 1 , 1 0  0.537114 0.044839 NS 
Water day 5 vs sediment day 5 1 , 1 0  1 5.12241 1 .262439 
Water day 5 vs sediment + algae day 5 1 , 1 0  7.427551 0.620062 
Water day 5 vs dark sediment day 5 1 , 1 0  3.776121 0.315236 NS 
Sediment day 5 vs sediment + algae day 5 1 , 1 0  1 .353502 0.112992 NS 
Sediment day 5 vs dark sediment day 5 1 , 1 0  3.785087 0.315984 NS 
Sediment + algae day 5 vs dark sediment day 5 1 , 1 0  0.611726 0.051068 NS 
Ammonium Water day O vs water day 5 1, 1 0  0.145765 1 0559.4 NS 1 , 1 0  0.246372 0.081699 NS 1 , 1 0  0.175216 0.029567 NS 
Water day O vs sediment day 5 1, 1 0  4.539649 328857.7 NS 1 , 1 0  3.956136 1 .311894 NS 1 , 1 0  10.19801 1 .720889 
Water day o vs sediment + algae day 5 1 ,  1 0  1 .456741 1 05528.0 NS 1 ,  10  3.946720 1.291985 NS 1 , 1 0  0.881076 0.148679 NS 
Water day O vs dark sediment day 5 1 ,  1 O 10.81316 783318.3 1, 10  6.264058 2.077224 1 , 1 0  6.504940 1.097693 
Water day 5 vs sediment day 5 1 ,  1 0  6.312341 457273.5 1, 1 0  6.177026 2.048363 1 , 1 0  1 3.04669 2.201597 
Water day 5 vs sediment + algae day 5 1 ,  10  2.524117 1 82850.1 NS 1, 1 0  6.17036 2.045387 1, 1 0  1 .842112  0.310852 NS 
Water day 5 vs dark sediment day 5 1, 10  1 3.46985 975771.8 1 ,  1 0  8.995012 2.982836 1 , 1 0  8.815354 1 .487569 
Sediment day 5 vs sediment + algae day 5 1 ,  1 0  0.853203 61807.1 NS 1 , 1 0  0.01222 2.982836 NS 1, 1 0  5.084014 0.857915 
Sediment day 5 vs dark sediment day 5 1, 1 0  1 .340250 97089.32 NS 1, 1 0  0.263997 0.087544 NS 1 , 1 0  0.41339 0.069759 NS 
Sediment + algae day 5 vs dark sediment day 5 1, 10  4.332150 313826.2 NS 1 , 1 0  0.231750 0.076321 NS 1 , 1 0  2.59797 0.438401 NS 
1 70 
TABLE 6.7 CONTINUED: Results of post-hoes for single factor ANOVAs of water column and porewater nutrient concentrations, sediment organ ic content, 
and total bacterial cotmts measured in experiments (*=<0.05, **=<0.01, ***=<0.001, NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level d.f. F MS p-level d.f. F MS p-level 
MAYLANDS, SWAN RIVER PELICAN ROCKS, SWAN-CANNING BASIN NEDLANDS, SWAN-CANNING BASIN 
POREWATER Sediment day O vs sediment day 5 
Nitrate Sediment day O vs sediment + algae day 5 
Sediment day O vs dark sediment day 5 
Sediment day 5 vs sediment + algae day 5 
Sediment day 5 vs dark sediment day 5 
Sediment + algae day 5 vs dark sediment day 5 
Ammonium Sediment day O vs sediment day 5 
Sediment day O vs sediment + algae day 5 
Sediment day O vs dark sediment day 5 
Sediment day 5 vs sediment + algae day 5 
Sediment day 5 vs dark sediment day 5 
Sediment + algae day 5 vs dark sediment day 5 
1, 8 1 0.81828 
1, 8 9.118021 
1 ,  8 9.328321 
1 ,  8 0.072635 
1 ,  8 0.055171 
1, 8 0.001199 
SOC Maylands vs Pelican Rocks 1 ,  6 1 60.0099 
Maylands vs Nedlands 1 ,  6 1 31.5213 
Pelican Rocks vs Nedlands 1, 6 1.395309 
TOTAL CELL Oxic vs anoxic 1 ,  35 0.00003 
COUNT Oxic vs algae 1 ,  35 1 6.8716 
Pelican Rocks Oxic vs oxic + algae 1, 35 0.00001 
Oxic vs anoxic + algae 1, 35 0.7819 
Anoxic vs algae 1, 35 1 6.9177 
Anoxic vs oxic + algae 1, 35 0.000004 
Anoxic vs anoxic + algae 1, 35 0.7919 
Algae vs oxic + algae 1, 35 1 6.901 O 
Algae vs anoxic + algae 1, 35 1 0.3893 
Oxic + algae vs anoxic + algae 1, 35 0.7882 
1 .004862 
0.846933 
0.866466 
0.006747 NS 
0.005125 NS 
0.0001 11  NS 
1 ,  8 0.716846 247228.3 NS 
1, 8 0.697320 244103.1 NS 
1, 8 69.31502 239056E2 
1, 8 0.106982 1 95036.5 NS 
1, 8 55.93389 1 92907E2 
1 ,  8 50.11673 1 87324E2 
20.27682 
1 6.66667 
0.176817 NS 
52556 NS 
281590E5 
21316 NS 
130502E4 NS 
282360E5 
6931 NS 
132163E4 NS 
282080E5 
173400E5 
1 31559E4 NS 
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FIGURE 6.Sa-c: Mean dissolved oxygen concentrations (in mg/L) for the treatments water 
only ( I ), sediment only ( ?  ), and sediment+ algae ( ) for sediments collected from (a) 
Maylands, Swan River, (b) Pelican Rocks and (c) Nedlands, Swan-Canning Basin (n=3) ± 
SE. 
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FIGURE 6.6a-c: Mean nitrate ( ? )  and ammonium ( :  ) concentrations (in µg/L) in the water 
column, before (water day 0) and after (water, sediment, dark sediment) the 5 day 
experimental period, for incubation chambers containing sediment from (a) Maylands, Swan 
River, (b) Pelican Rocks and (c) Nedlands, Swan-Canning Estuarine Basin (n=3) ± SE. 
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sediment' treatment (Table 6.7). However, in all experiments, no significant differences were 
found in porewater ammonium concentrations between 'sediment only' and 'sediment + 
algae' treatments. Porewater ammonium concentrations in the Maylands experiment were 
2350µg/L on day 0, and increased in all treatments to between 27 40 and 5050 µg/L, highest in 
the 'sediment+ algae' treatment (Figure 6.7a-c). In the Pelican Rocks sediment experiment, 
ammonium porewater concentrations were 2870 µg/L on day O and increased to 3270 µg/L in 
the 'sediment only' treatment. In the Nedlands experiment, porewater ammonium 
concentrations on day O were 1 50µg/L, and had increased in all treatments by day 5 to 
between 460 and 41 20µg/L, highest in 'sediment+ algae' treatment. 
Nitrate fluxes in the water column averaged over the five day period were positive in 
'sediment only' and 'sediment + algae' treatments of all experiments, although relatively very 
low (0.2 to 0.6 x 1 0-3 mmol N/m2/d) (Figure 6.8a-c). Average ammonium fluxes in the water 
column were also positive over the experimental period, however, they were comparatively 
higher than nitrate fluxes (1 0 to 50 x 1 0"3 mmol N/m2/d), particularly in Pelican Rocks 
sediment treatments (55 to 57 x 1 0-3 mmol N/m2/d). Nitrate fluxes in the porewater averaged 
over the five day period were negative in both 'sediment only' and 'sediment + algae' 
treatments of Maylands and Pelican Rocks experiments, while positive in the Nedlands 
experiment (Figure 6.9a-c). Averaged flux rates for both treatments in the Maylands and 
Pelican Rocks experiments were -22 and -2 x 1 0·3 mmol N/m2/d, respectively, and 9-1 3  x 1 0-
3 mmol N/m2/d in the Nedlands experiment. Averaged porewater ammonium fluxes were 
positive in both treatments, in all experiments. Flux rates in the 'sediment only' treatment for 
all experiments were between 1 5  and 30 x 1 0·3 mmol N/m2/d, and between 1 5  and 70 x 1 0·3 
mmol N/m2/d in the 'sediment+ algae' experimental treatments. 
In summary, the presence of macroalgae did not significantly alter trends in inorganic 
nitrogen concentrations in the water column or porewater of experimental treatments. 
Averaged ammonium fluxes in the water column and porewater were positive in all 
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FIGURE 6. 11: Mean organic contents (as %LOI) for sediments collected from Maylands, 
Swan River, Pelican Rocks and Nedlands, Swan-Canning Estuarine Basin (n=3) ± SE. 
treatments, while nitrate fluxes were negative in the porewater, and minimal but positive in 
the water column. 
6.3.3 Macroalgae 
Tissue nitrogen concentrations of macroalgae on day 5 were significantly higher than 
concentrations measured in tissue on day O in the Nedlands experiment only (Table 6.6). 
However, tissue nitrogen concentrations of all experimental algal samples measured on day 
5 were higher than algal tissue measured previously on day 0. On day 0, tissue nitrogen 
concentrations of macroalgae in the Maylands, Pelican Rocks, and Nedlands experiments 
were 12·. 8, and 8mg/g, respectively, and by day 5, were 25, 17, and 30mg/g, respectively 
(Figure 6.10a-c). 
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6.3.4 Sediment 
The organic content varied significantly between Maylands, Pelican Rocks and Nedlands 
sediments (Table 6.6). The organic content of Maylands, Pelican Rocks, and Nedlands 
sediments were 5, 1.3, and 1.6%LOI, respectively (Figure 6.11 ). 
6.3.5 Microbial Populations 
At all sites, denitrifiers/nitrate reducers were the least abundant microbial group, with highly 
variable most probable number (MPN) counts of 3 cells/g to 2.3 x 1Cf cells/g, yet generally 
between 500 and 2000 cells/g (Figure 6.12 a-c). In comparison, counts of ammonium and 
nitrite oxidising bacteria \\ere estimated at being in excess of 0.72 - 9.0 x 1a5 cells/g 
(Figures 6.13 a-c and 6.14 a-c, respectively). Positive cultures were recorded at the highest 
dilution in the series (10-\ making a more accurate estimation of bacterial numbers 
impossible, and univariate statistical analyses unavailable. However, it can be observed that 
ammonium and nitrite oxidising bacteria were present at concentrations higher than 7.2 x 104 
cells/g in all core sections, at all sites. Therefore, ammonium and nitrite oxidisers were at 
least 10 times more abundant in the sediment, and on the surface of macroalgae, than 
nitrate reducers/denitrifiers. 
Positive denitrifier/nitrate reducer cultures were tested for by the presence of the original 
substrate nitrate, or for the product nitrite, in the growth medium to determine if the bacteria 
present were denitrifiers (nitrate used, no nitrite produced) or nitrate reducers (nitrite 
produced). Tests proved that all positive cultures were nitrate reducing bacteria, not 
denitrifiers. 
The number of colony forming units (CFUs) was not significantly different between sediment 
and algal layers (i.e. oxic, algae, anoxic + algae) in Maylands and Nedlands sediment/algal 
cores, while significant in the Pelican Rocks sediment/algal cores (Table 6.6). The number 
of CFUs in the sediment or macroalgal layers were 7.6 - 92.4 x 104, 1.1 - 10.6 x 104, and 4.6 
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FIGURE 6.12a-c: Mean concentrations of nitrate reducing/denitrifying bacteria (as MPN/g) 
measured in oxic, anoxic, and macroalgal layers of cores covered, and uncovered by algae, 
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FIGURE 6.13a-c: Mean concentrations of nitrite oxidising bacteria (as MPN/g) measured in 
oxic, anoxic, and algal layers of cores covered, and uncovered by algae, in sediment 
treatments from (a) Maylands, Swan River, (b) Pelican Rocks and (c) Nedlands, Swan­
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Pelican Rocks. 
- 272. 7 x 104 CFUs/g for Maylands, Pelican Rocks, and Nedlands sedimenUalgae, 
respectively, with higher CFU counts generally in oxic zones of the sediment (Figure 6.15a­
c). 
Chlorophyll a concentrations did not vary significantly between sediment previously covered 
by macroalgae and not covered by algae, in Maylands and Pelican Rocks sediment cores 
(Table 6.6). Chlorophyll a concentrations in sediment collected from outside macroalgal 
accumulations in Pelican Rocks sediment was 1.8mg/g, and O.Smg/g in sediment collected 
from within macroalgal accumulations (Figure 6.16aandb). Chlorophyll a concentrations 
inside and outside macroalgal accumulations in Nedlands sediment were, 1.5 and 0.9mg/g, 
respectively. Chlorophyll a concentrations were found to have significantly positive 
correlation with total microbial numbers in both sediment types (r2 = 0.14, p<0.05) (Figure 
6.17). 
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6.4 DISCUSSION 
To date, no published accounts of macroalgal impacts on benthic denitrification rates have 
been found. Therefore, the results presented in this chapter are extremely important and 
relevant to current studies in this field. Generally, the mean nitrogen release rates measured 
in these experiments were between 0.1 and 0.8 mmol N/m2/d (or 2 to 16 µmol N2/m2/h), with 
the presence of a macroalgal layer not significantly affecting release rates. These release 
rates are comparable to rates reported in the literature, although denitrification rates vary 
widely, particularly according to season (Table 6.8). Maximum denitrification rates are often 
recorded in spring and minimum rates in summer (Kemp et al. , 1990). This is attributed to 
variations in dissolved inorganic nitrogen concentrations and dissolved oxygen levels 
(Seitzinger, 1988). In the present study, porewater nitrate concentrations were seasonally 
low being summer. The relatively low dehitrification rates observed in this study are 
comparable to other summer rates reported in the literature. 
TABLE 6.8: A summary of denitrification rates reported in the literature. 
SOURCE 
Kemp et al. (1990) 
Nowicki (1994) 
LOCATION 
Chesapeake 
Bay 
Rhode Is., 
Narragansett 
Bay 
DENITRIFICATION COMMENTS 
RATES 
o - 26.2 µmol Maximum rates measured in spring, and 
minimum in summer. 
0 - 195 µmol Rates increased with temperature and 
nutrient enrichment 
Zimmerman Galveston Bay, o - 47 µmol N2/m2/h Maximum rates in summer and upper regions 
and Benner (1994) 
Stockenberg 
and Johnstone 
(1997) 
Texas, USA 
Baltic and 
Bothninan Seas 
0 - 0.94 mmol 
N/m2/d 
of adjoining estuary. 
Similar to rates measured in this study. 
* These denitrification rates account for porewater degassing rates from anoxic controls (10 - 34 µmol N:z/m2/h). 
Nitrogen gas release rates presented here are a combined measure of both porewater 
degassing (the passive release of nitrogen gas residual in collected sediment), and active 
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denitrification. Rates have been presented this way as nitrogen release from dark treatments 
was constant and did not decrease over the experimental period. Therefore, this is inferred 
as a degassing rate. The constant and non-declining degassing rate may be attributed to the 
relatively short pre-incubation period used in these experiments compared to other 
denitrification experiments measuring nitrogen release directly (e.g. van Luijn et al., 1996; 
Seitzinger, 1996; Nowicki, 1994). However, a measure of passive sediment nitrogen release 
and benthic denitrification can be equated to a measure of nitrate consumption, and is 
therefore practical to the formulation of an accurate ecosystem nitrogen budget. The 
nitrogen release rates observed here suggest that nitrate consumption resulting from 
denitrification in summer, would be approximately 0.2 to 0.8 mmol NQi/m2/d, in regions of 
both bare sediment and sediment covered with algae. 
Organic carbon in the sediment is oxidised during ammonification, and carbon is also 
mineralised during denitrification (Seitzinger, 1988). Theoretically, when sediment organic 
content is low, denitrification may be inhibited (Kelso et al., 1997). However, denitrification is 
also determined by many other environmental factors, making it difficult to attribute low 
denitrification rates to one factor. In addition, denitrification rates have been measured in 
sediments of widely varying sediment organic content. For example, Stockenberg and 
Johnstone (1997) recorded denitrification rates betwee n O and 0.94 mmol N/m2/d from 
sediments with organic contents of 1 - 3, 3.5 - 3.8, and 4 - 5% wt. No correlation between 
denitrification rates and sediment organic content was found. Zimmerman and Benner 
(1994) recorded denitrification rates of O - 47 µmol N2/m2/h from sediment with organic 
contents of 0.25 - 1.45% wt. The authors found 24% of variation in denitrification rates 
attributable to sediment organic content, and denitrification rates were positively correlated 
with dissolved inorganic carbon efflux rates. Yoon and Benner (1992) measured 
denitrification rates of sediment taken from two estuaries in the Texas Gulf. Organic 
contents of the sediment were 14 - 15% wt and 2 - 4% wt, with denitrification rates of 4.6 -
34.7 and 4 - 71 µmol N/m2/h, respectively. Denitrification is favoured in sediment with high 
carbon levels, as mentioned earlier (Kelso et al., 1997). Consequently, it seems unlikely that 
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denitrification activity and the measured sediment nitrogen release rates, are low as a result 
of sediment organic content in the sediments measured in this study. 
It has long been considered that the production of photosynthetic oxygen by benthic plants 
may have an impact on nitrification and denitrification activities in underlying sediment 
(Jannasch, 1960). Unfortunately, literature documenting the impacts of benthic 
photosynthesis on the processes of nitrification and denitrification, and on the bacterial 
communities responsible for these processes, is sparse. Studies that have considered 
benthic plants and nitrogen cycling have generally found nitrification to increase and 
denitrification to decrease during daylight, corresponding with oxygen production, and vice 
versa at night when oxygen levels become depleted (Christensen et al. , 1990; Andersen et 
al. , 1984; Triska and Oremland, 1981). However, Berelson et al. (1998) found sediment 
denitrification efficiency was not enhanced by benthic primary productivity. This study also 
found an inconsistent influence of macroalgal additions on nitrogen release rates from 
sediments. This may be the result of two factors. Firstly, gas sampling was daily rather than 
diurnal, and consequently, changes in nitrogen release rates due to photosynthetic activity 
may not have been observed. Secondly, field sites from which sediment was assumed to not 
have been previously covered with algae, may not have been uncovered for extensive 
periods prior to sampling, so that impacts due to algal cover may not have been observed in 
laboratory experiments. Sampling sites were observed 24 hours prior to sediment collection 
to determine uncovered areas, however, movement of algal accumulations may be such that 
they have an 'averaging' effect over areas of sediment, and influence more than the precise 
area over which they occupy at the time. If this were the case, macroalgal accumulations 
may influence large areas relative to the size of the accumulations themselves, potentially 
having a larger impact than originally anticipated or observed. 
Generally, ammonium concentrations increased in the water column and porewater, while 
nitrate concentrations decreased in both, with the exception of a small increase in the 
overlying water in Pelican Rocks sediment treatments. Large ammonium pulses from the 
sediment, and reduced nitrogen release rates, may be attributed to DNRA. The reduction of 
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nitrate to ammonium is favoured when nitrate is limiting (Kelso et al. , 1997; Sorensen, 1978). 
Porewater concentrations of ammonium in sediments of this study were relatively much 
higher than nitrate concentrations, which may have generated an environment favouring 
DNRA, rather than denitrification. A model to explain these results is proposed in Figure 
6. 18 a and b, and may be applicable for other aquatic systems with similar physico-chemical 
regimes as depicted in the model. 
Based on the findings of Kelso et al. (1997), Seitzinger (1988), and Sorenson (1978), it is 
possible that in summer, porewater nitrate concentrations are relatively low, favouring DNRA, 
resulting in ammonium production. Salinities in the Swan-Canning Estuarine System are 
high at this time (Chapter 3). It has been suggested that in environments of high salinity (e.g. 
marine), high concentrations of cations in the sediment occupy many of the sediment cation 
exchange sites, resulting in decreased adsorption of ammonium onto sediment particles 
(Morlock et al. , 1997). 
Therefore, relatively high pulses of ammonium out of the sediment are observed during 
periods of high salinity, caused by an increase in the relative proportions of free ammonium 
(Morlock et al. , 1997). In addition, it is proposed that the rate of benthic nitrification would 
decrease, as substrate ammonium would be less available. The aforementioned processes 
have relatively minimal oxygen demands, and consequa,tly, sediment oxygen consumption 
rates would be relatively low. In the present study, it appears that this process may be 
occurring in the sediments of experimental treatments, in which the salinity of the overlying 
water was approximately 25 to 30ppt. Alternatively, in low salinity conditions such as winter, 
porewater nitrate concentrations would be higher due to freshwater inputs (Chapter 3), 
favouring denitrification and the loss of nitrate as the end products, nitrogen and nitrous 
oxide gases. The model also predicts that sediment retention of porewater ammonium would 
be higher allowing it to be converted to nitrite and nitrate via nitrification. These processes 
require more oxygen relative to those of summer, resulting in higher sediment oxygen 
consumption rates. 
1 90 
(a) Low Salinity Period - Winter 
Denitrification Dominates 
!Sal in ity 
(b) High Salinity Period - Summer 
DNRA Dominates 
lSalin ity 
Organic N 
NO --l>Nn--1> NH 
3 � :,i 
FIGURE 6.18 a and b: Potential origins and fates of nitrogen species (a) during winter, 
porewater nitrate concentrations are high and salinities are low, and denitrifi cation is 
favoured and (b) during summer, in conditions of depressed porewater nitrate concentrations 
and elevated salinities, DNRA is favoured. 
Although oxygen levels were measured in the chamber headspace and not at the sediment­
water interface of this study, it is important to note that there was no significant change in 
oxygen concentrations throughout experimental incubation periods. Trends in the gas phase 
of treatments are representative of those near the sediment surface, as mixing at the gas­
water interface prevents stratification within the water column. It is essential that oxic 
conditions are maintained within the sediment, as nitrification requires oxygen as a terminal 
electron acceptor in the process (proceeds at oxygen concentrations of 0.2 mg/L or more) 
(Seitzinger, 1 988). Other studies report widely varying oxygen consumption rates, for winter, 
spring, and summer, in estuarine sediments (Table 6.9). 
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The minimal oxygen consumption rates measured in this study would suggest that oxygen­
requiring processes, such as nitrification, were not progressing at rates such that oxygen 
levels significantly decreased. However, anaerobic processes may have been progressing at 
minimal or maximal rates, not affecting oxygen consumption. Walker and Snodgra;s (1986) 
advise that a strong relationship exists between sediment oxygen demand and oxygen 
concentrations of the water column at 1-2mg/L. However, when water column oxygen 
concentrations are approximately 2-6mg/L a relationship with sediment oxygen demand may, 
or may not, be observed. Walker and Snodgrass (1986) propose that sediment oxygen 
demand is the result of two processes: chemical reactions in the oxic zone of the sediment, 
due to the upward diffusion of remineralised nutrients; and biological sediment oxygen 
demand resulting from aerobic, heterotrophic microbial activity in the oxic zone of the 
sediment. Thus, oxygen demand generated by aerobic biological activity depends on a 
number of factors, such as substrate availability, and not only diffusion as in chemical 
sediment oxygen demand. 
TABLE 6.9: A summary of oxygen consumption rates reported in the literature. 
SOURCE LOCATION SEASON OXYGEN CONSUMPTION RATES 
Zimmerman and Benner (1994) Galveston Bay Late Winter 66-452 
Spring 63-239 µmol 02/m2/h 
Summer 230-286 
Yoon and Benner (1992) Nueces Estuary Winter 250-818 
Spring 176-409 µmol Oz/m2/h 
Summer 177-230 
Guadelupe Estuary Winter 208-283 
Spring 423-487 µmol 02/m2/h 
Summer 416-550 
Seitzinger (1987) Ochlockonee Bay Winter 400-1045 
Spring 510-2020 µg-at O/m2/h 
Summer 510 -1360 
The averaged number of CFUs/g of sediment or macroalgae were 7.6 - 92.4 x 1 o4, 1.1 -
10.6 x 104, and 4.6 - 272.7 x 1o", for Maylands, Pelican Rocks, and Nedlands sediment, 
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respectively. Yamamoto and Lopez (1985) recorded bacterial abundances of 0.68 to 51.0 x 
109 and 0.90 to 15.5 x 109 cells/g in winter and summer, respectively, from salt marsh 
sediment at Long Island, U.S.A. Sander and Kalff (1993) collated bacterial abundances from 
the literature, recorded in marine, river, and lake, sediments. Some of the bacterial 
abundances recorded were 0.05 x 10 13 , 328.7 x 1013, 21.9 x 1013, and 0.3 x 1013 cells/m2 in 
sediments of marine, mangrove, hypereutrophic lake, and oligotrophic lake environments, 
respectively. Painchaud et al. (1996) investigated sediment bacterial abundances along a 
salinity gradient in the St. Lawrence estuary, Quebec, Canada and found numbers decreased 
along an increasing salinity gradient, from 3.9 to 0.5 x 109 cells/L in freshwater water and 
saline water (>20ppt}, respectively. Bacterial abundances recorded here were measured 
from sediment in salinities of at least 25ppt. According to Painchaud et al. (1996) bacterial 
abundances decrease with increa sing salinity. This may be why apparently low numbers of 
CFUs were recorded for sediments used in these experiments. 
Yamamoto and Lopez (1985) found that bacterial abundances were directly related to 
sediment surface area. In addition, increasing clay content of sediments in microcosm 
experiments had a negative effect on bacterial abundances. Sander and Kalff ( 1993) found 
positively correlated relationships between organic matter and temperature, and bacterial 
abundance and production, in sediments. Bacterial numbers were significantly higher in the 
Nedlands sediment, however there were variations in all measurements of bacterial 
abundance, particularly in Maylands and Nedlands sediments. 
Proportionately, there were higher numbers of nitrite oxidisers/reducers and ammonium 
oxidisers, relative to nitrate reducers/denitrifiers, in all sediment types. Smorczewski and 
Schmidt (1991) found ammonium and nitrite oxidising populations of bacteria were sustained 
throughout extended anaerobic, summer conditions; nitrite oxidisers outnumbered 
ammonium oxidisers by a factor of 3.0:8.1. In this study, both ammonium and nitrite oxidiser 
counts were extremely high relative to nitrate reducers/denitrifiers counts. In the positive 
nitrate-based cultures, all were found to contain nitrite, indicating the presence of nitrate 
reducers, which convert nitrate to nitrite and/or ammonium. DNRA is performed by 
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fermentative bacteria (Kelso et al., 1997). There are two steps in DNRA - the reduction of 
nitrate to nitrite, and the reduction of nitrite to ammonium. If the rate of nitrate reduction to 
nitrite were greater than the rate of nitrite reduction to ammonium, there would be a surplus 
of nitrite (Kelso et al., 1997). Unfortunately, nitrite was not directly measured in water and 
sediment porewater samples. However, if the rate of nitrite reduction to ammonium were 
greater than the rate of nitrate reduction to nitrite, then there would be an accumulation of 
ammonium, which was observed. In addition, a proportionately larger number of nitrite 
reducers/oxidisers were recorded than nitrate reducers. All of this indirect evidence supports 
the notion that the reduction of nitrite is dominating DNRA. In addition, it appears that there 
were a comparatively large number of microbes utilising ammonium, which was found in 
relatively high concentrations. The findings of Hoch and Kirchman (1995) would support 
these results. The authors found bacterial uptake of ammonium to be highest in summer, at 
salinities greater than 20ppt. Similarly, this study was conducted in summer, when the 
salinity at all sites was 25 to 30ppt. 
The presence of benthic microalgae is considered to be a potentially important source of 
organic carbon and oxygen to benthic microbial communities (Christensen et al., 1990). 
Current literature suggests that there is a positive correlation of bacterial numbers with 
amount of chlorophyll a in the sediment. Bird and Kalff (1984) found a strong positive 
relationship between bacterial abundance and chlorophyll conce ntration in both fresh and 
marine waters. A low, but significant, correlation with chlorophyll a content was found in the 
sediments studied here (r2 = 0.14, p<0.05). Christensen et al. (1990) found that heterotrophic 
activity was related to photosynthetic production of benthic microalgae during summer, at the 
height of MPB biomass and productivity. Cammen and Walker (1986) also found a strong 
correlation between sediment microalgae and bacterial abundance, both temporally and with 
vertical distribution of the sediment profile. Finally, Sander and Kalff (1993) found sediment 
chlorophyll a to be related to bacterial abundance in a number of sediment types. Therefore, 
it is not unexpected that a relationship was found between bacterial numbers and sediment 
chlorophyll a content. These results also suggest a potential indirect impact of macroalgal 
accumulations on underlying bacterial communities. The presence of an accumulation over 
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an area of sediment would lead to decreases in benthic microalgal communities as a result of 
shading, where accumulations were present continuously in an area for several days. As a 
result, it is reasonable to expect subsequent decreases in sediment bacterial numbers, and 
potentially nutrient cycling activity. Thus, the presence of macroalgal accumulations may 
indirectly have a negative impact on microbial nutrient cycling populations in the sediment in 
this respect. 
Results from investigations of benthic microorganism populations support trends in inorganic 
nitrogen fluxes of the water column and porewater, and therefore, the proposed model 
(Figure 6.18 a and b). In addition, no significant differences between microorganism 
abundances in sediment covered and not covered by algae were found, which further 
supports the concept that algal presence affects microorganism activities, not the 
composition and abundance of microorganisms populations, by altering the diurnal oxygen 
climate. In expansive accumulations such as those sampled in this study, an accumulation is 
likely to remain in an area for several days (see Chapter 5), and impacts on benthic microbial 
communities would be expected to be most noticeable within the accumulation, rather than at 
the periphery. Ultimately, it appears that impacts on benthic microorganism activities caused 
by macroalgal presence will not be as strong as the availability of nitrate. 
CONCLUSION 
In this chapter, the impact of a macroalgal layer on benthic denitrification rates was 
investigated. The presence of a macroalgal layer in experimental treatments was not found 
to have an impact on sediment nitrogen gas release rates. The results may be due to either 
the sampling regime (i.e. more appropriate to employ diurnal sampling), or that bare 
sediment treatment cores may have been covered shortly before sediment collection as a 
result of accumulation mobility in the estuarine system. If the latter was the case, it may be 
that macroalgal accumulations have broadscale, indirect effects not detected by the short­
term experimental study presented here. 
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It appears that denitrification occurs at very low rates during summer, in the Swan-Canning 
Estuarine System, and it is hypothesised that DNRA results in further production of 
ammonium in the sediment in this system, in addition to that generated from organic nitrogen 
remineralisation. These two findings have significant implications for nutrient cycling in the 
system, regardless of macroalgal influences. It is predicted that ammonium fluxes from the 
sediment are higher in summer due to high salinities that result in a reduction in 
exchangeable ammonium concentrations, and a subsequent increase in free ammonium 
concentrations. Therefore, relatively large ammonium fluxes from the sediment are 
observed in summer. From this scenario, it is predicted that high benthic ammonium fluxes 
create an environment for internal ammonium recycling in the Swan-Canning Estuarine 
System in summer. Ammonium is a readily used source of inorganic nitrogen by many 
primary producers, and therefore, its is expected that this scenario would also be 
accompanied by phytoplankton growth and blooms when waters and still and warm. 
Seasonal comparisons are a very necessary recommendation from this research. It is 
essential that seasonal comparisons of sediment nitrogen release rates are made concurrent 
with investigations of the impacts of macroalgal presence on nitrogen release rates. This is 
particularly relevant for the season of spring when sediment nitrogen release rates are 
predicted to be maximal, and the impacts of macroalgal presence will be more evident. In 
addition, it would appear that diurnal sampling is necessary if a more extensive estimation of 
the impacts of macroalgal accumulations on sediment nitrogen release rates is to be 
ascertained. These recommendations are urgent for the Swan-Canning Estuarine System, in 
which nitrogen has been recognised as the key inorganic nutrient controlling trophic 
imbalances. Evidently, without complete seasonal sediment nitrogen release measurements, 
a comprehensive nitrogen budget for the Swan-Canning Estuary is not possible. 
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CHAPTER 7: 
GENERAL DISCUSSION 
7.1 INTRODUCTION 
The primary aim of this research was to determine if macroalgae in the Swan-Canning 
Estuarine System either directly, or indirectly, affect sediment-water nutrient cycling and to 
assess the significance of the finding. The results indicate that the presence of unattached 
macroalgal accumulations has the potential to impact on sediment-water nutrient cycling in 
the Swan-Canning Estuarine System. However, the impacts, their magnitude, and the 
reasons for which they occur, vary with respect to factors such as height and density of the 
macroalgal accumulation and nature of the sediment over which the accumulation lies. In 
addition, the relevance of macroalgal impacts on sediment-water nutrient cycling changes 
according to temporal and spatial scales in this system. The potential imp_acts of macroalgal 
accumulations observed in the Swan-Canning Estuarine System may also be considered in 
the context of other waterbodies. The impacts, the reasons they occur, and the nutrient 
cycling implications, are best summarised and discussed in a schematic context at two 
temporal scales, diurnal and seasonal. 
7.2 MACROALGAE AS A NUTRIENT SOURCE 
Tissue nitrogen and phosphorus concentrations of G. comosa in the Swan-Canning Estuarine 
System were generally found to be approximately 0.2 to 0.4mg/g and 1 to 2mg/g, 
respectively. Along the periphery of the system (i.e. in water depths of less than 2m), this 
species was generally found in stands of approximately 200 to 400 g dwt/m2. Therefore, as a 
nutrient source, macroalgal accumulations in the system equate to approximately 90mg/m2 
and 450mg/m2 of nitrogen and phosphorus, respectively. However, to quote these figures in 
context of an estuary-wide basis would be misleading for tw o important reasons. 
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Firstly, this study has shown that the spatial and temporal presence of unattached 
macroalgae in the Swan-Canning Estuarine System is patchy. Spatially, the distribution and 
quantity of unattached macroalgae was observed to be as con sistently variable within a 
region, as between regions. Secondly, temporal variation of macroalgae was relatively less 
variable than spatial variation, due to the regular influence of annual winter rains and 
increased water flows. The result of these was large losses of unattached macroalgal 
biomass in winter. Furthermore, it is considered that the large proportion of macroalgal 
biomass lost from the estuarine system at this time is deposited in coastal waters outside the 
estuary. 
A second point to consider when evaluating the potential of macroalgae as a nutrient source 
is their growth and death cycle within the system. During the survey period of this study, 
large growth and death cycles of G. comosa accumulations, such as those of U/va sp. in the 
Lagoon of Venice (Sfriso et al., 1987), were not observed, nor evidence found of them, 
though the study did not specifically attempt to monitor this. In other systems, such as the 
Lagoon of Venice (Sfriso et al., 1987), macroalgal growth and death cycles occur in large 
proportions and have significant impacts on water quality. However, this does not appear to 
be the case in the Swan-Canning Estuarine System. 
Given these two points, it appears that the nutrient pool represented by unattached 
macroalgal accumulations in the Swan-Canning Estuarine System is small and transient, in 
contrast to other estuarine systems that accommodate relatively large populations of 
unattached macroalgae, and are less well flushed. Therefore, it would be unsound to 
consider macroalgal accumulations as large, and tangible, nutrient sources by water quality 
managers, without also considering their ecology. 
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7.3 IMPACTS OF MACROALGAE ON BENTHIC NUTRIENT CYCLES 
DIURNAL INFLUENCE 
Diurnal studies found accumulations influenced sediment-water nutrient cycling, in particular 
nitrate and ammonium water column concentrations (Figure 7.1 ). It is considered this 
resulted from minimal light penetration through the accumulation during the day, causing 
reducing conditions at the sediment surface and subsequently affecting ammonium and 
nitrate concentrations. This situation was further exacerbated at night, when the entire algal 
accumulation was not photosynthesising. Thus, the observed day/night impacts resulted from 
algal photosynthetic/non-photosynthetic activity, in particular the no�photosynthesising 
portion of the accumulation. The dark period may be extended to other situations that would 
simulate low/no light conditions. For example, in relatively deep and/or dense accumulations 
(e.g. 15cm or more), little if any light will penetrate to the bottom of the accumulation, resulting 
in no algal photosynthetic activity, creating a reducing environment at the underlying sediment 
surface over the entire 24 hour period. Thus, a continual release of free reactive phosphorus 
and ammonium from the sediment may be expected. Similarly, in waterbodies with high light 
attenuated waters, algal accumulations persisting in such conditions will not photosynthesise 
for extended periods, potentially over an entire 24h period. Yet, it is expected that these 
scenarios will not occur if macroalgal accumulations are not able to accumulate in an area 
over a 24h period, or longer. Thus, the hydrology and water movement of an aquatic system 
will have a very large influence over the establishment the scenario depicted as well. 
Given these conditions, it may be expected that a macroalgal accumulation will affect 
sediment-water nutrient release diurnally, in hydrologically 'quiet' areas, where water 
movement will allow an accumulation to persist for any length of time. In addition, the algal 
respiratory period during which phosphate and ammonium release from the sediment, may be 
extended in deep and/or dense accumulations, in waterbodies of highly attenuated waters 
and/ or deep water columns, or seasons/regions of low incident irradiance. Considering 
benthic plants in soft-sediment environments with low ambient, or seasonally low, inorganic 
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nutrients in the water column, such a diurnal source of inorganic nit rogen and phosphorus 
would be ecologically very advantageous. The regular acquisition of benthic nutrients may be 
one reason why unattached macroalgae generally dominate estuarine macroflora, sometimes 
excessively so. 
DAY/IIIlN MAT I TIHCK MAT/NIG 
FIGURE 7.1: The proposed macroalgal accumulation model, demonstrating macroalgal 
activity during daylight with associated benthic nutrient processes at this time (left); and 
macroalgal activity at night with co-occurring nutrient processes (right). 
SEASONAL INFLUENCE 
The seasonal impacts of macroalgal accumulations on nutrient cycles were also investigated 
during this study. 
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(a) Winter - Low Salinity (b) Summer - High Salinity 
Denitrification Dominates DNRA Dominates 
! Salinity 'TSalinity 
Organic N 
FIGURE 7.2 a and b: Potential origins and fates of nitrogen species (a) during winter, 
porewater nitrate concentrations are high and salinities are low, and denitrification is favoured 
and (b) during summer, in conditions of depressed porewater nitrate concentrations and 
elevated salinities, DNRA is favoured. 
Throughout the investigations, relatively high benthic ammonium fluxes were observed in 
summer while denitrification rates were very low, in three sediment types. A model is 
proposed which can explain this. The schematic diagram (Figure 7.2) proposes that in 
summer, porewater nitrate concentrations are generally low with the absence of nutrient -rich 
freshwater inputs, Dissimilatory Nitrate Reduction to Ammonium will be favoured, and 
diffusive ammonium fluxes observed. In addition, salinities during this season are generally 
high and sediment retention of ammonium low due to cation exchange mechanisms. 
Therefore, ammonium will not be retained for extended periods, removing it as a potential 
substrate for nitrification, and high diffusive ammonium flux rates from the sediment wil be 
observed. In addition, processes occurring in summer will have relatively minimal oxygen 
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demands, and consequently, sediment oxygen consumption rates will be generally low. It is 
predicted, in winter, porewater nitrate concentrations are higher wit h catchment runoff, and 
denitrification will be favoured. Consequently, nitrate will be lost as nitrogen and nitrous oxide 
gases. In addition, salinities are low with sediment retention of ammonium higher, allowing 
ammonium to be converted to nitrite and nitrate via nitrification. The processes proceeding in 
winter require more oxygen, resulting in higher sediment oxygen consumption rates. 
The schematic depictions for summer and winter may be translated to various aquatic 
systems. For example, the low salinities of 'winter' may be translated to freshwater lakes. 
This may be why relatively higher denitrification rates are often observed in freshwater 
systems. In addition, in eutrophic systems with high nitrate porewater concentrations, 
denitrification rates may also be elevated. However this also appears to be affected by 
ambient salinities. Conditions presented in the 'summer' scenario may also be observed in 
marine environments that are generally found to have low denitrification rates. This situation 
may be further exacerbated in blind or emphemeral estuaries that open only periodically to 
the ocean, and often become hypersaline during closed periods. Potential diffusive 
ammonium fluxes in these systems may be very high. However, autochthonous beithic 
ammonium fluxes may be the only inorganic nitrogen source due to infrequent freshwater 
inputs, therefore ultimately limiting inorganic nitrogen sources and fluxes to the water column. 
The model predicts that the dominating nutrient processes arise from ambient porewater 
nitrate concentrations and salinities, and indirect impacts on sediment-water nutrient fluxes 
caused by the presence of an accumulation result from photosynthetic/respiratory activity of 
the algal layer on sediment redox conditions. Thus, at night, the release of ammonium may 
be exacerbated in high salinity, 'summer' conditions. Under 'winter' conditions, the increase 
of oxygen concentrations during the day may facilitate nitrification rates, and consequently 
denitrification rates. However, significant impacts on nitrogen release rates in these studies 
were onlY. observed from an organically enriched sediment with a relatively high 
(approximately 8cm in depth) algal layer, which may have been the result of increased 
oxygen supply to the sediment during daylight. However, in conditions of lower sediment 
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organic content and algal biomass, no significant impacts were observed. Thus, the origins 
and characteristics of sediments, in particular organic content, will influence algal impacts. 
7.4 INFLUENCE OF MACROALGAL ACCUMULATIONS ON AN ESTUAR'\WIDE BASIS 
In the Swan-Canning Estuarine System, unattached macroalgal accumulations are patchy in 
their spatial and temporal distribution. As such, they represent a spatially and temporally 
inconsistent nutrient source. In addition, rapid growth and decay cycles are not demonstrated 
by the primary unattached species, G. comosa. Consequently, direct impacts of macroalgal 
accumulations on water quality, in an estuary-wide context, would be considered very minimal 
in comparison to allochthonous nutrient sources, such as freshwater inputs. 
Alternatively, at times of higher biomass, increased benthic cover and spatial distribution (e.g. 
summer - autumn), the indirect impacts of accumulations on benthic nutrient cycles, 
particularly ammonium fluxes, may become significant on an estuary-wide basis in the Swan­
Canning Estuarine System. In times of high biomass, accumulations are extensive and 
relatively stable as little water flow occurs, potentially persisting in an area for a month. Thus, 
given sediment characteristics are favorable (e.g. high organic content), accumulation 
impacts on benthic nutrient cycles would be wide spread throughout the system, particularly 
in peripheral areas where accumulati ons are common, potentially having significant effects on 
water quality. Furthermore, during summer - autumn when allochthonous inorganic nitrogen 
sources are relatively low, increased ammonium concentrations to the water column 
generated by algal accumulations may become extremely important to pelagic organisms, 
particularly phytoplankton. 
From this research it is realistic to conclude that macroalgal accumulations in other soft­
sediment aquatic systems may affect benthic nutrient cycles. However, characteristics of 
other systems may alter the magnitude of impacts caused by accumulations. For example, in 
estuaries with macrotidal influences, waterflow may be such that unattached algal 
accumulations do not occur. Another estuarine attribute that may impede indirect impacts of 
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macroalgal accumulations on benthic nutrient cycles is water depth/light attenuation. 
Alternatively, in permanently closed/emphemeral estuaries, unattached accumulations may 
become extensive and feature highly in nutrient cycling processes. Ultimately, it appears that 
macroalgal accumulations will impact benthic nutrient cycles in soft-sediment aquatic 
systems, in those environments suitable for the establishment of accumulations. 
7.5 MANAGEMENT CONSIDERATIONS 
From this research, it has been established that persistent macroalgal accumulations may 
influence sediment ammonium and nitrate fluxes due to respiratory activity. Thus, in soft. 
sediment aquatic systems of little water movement, such as embayments, broad meandering 
rivers, mud flats, shallow water bodies, emphemeral estuaries, or coastal lagoons, this 
scenario may occur. 
In water bodies experiencing nuisance proportions of macroalgae, biomass is often removed 
forcefully, for example by harvesting (Kirkman and Kendrick, 1997). In the Swan-Canning 
Estuarine System, and in other systems containing populations of unattached macroalgal 
communities, the distribution of biomass is very patchy, and not of similar proportions. Thus, 
the feasibility and necessity of physical removal/dispersal of macroalgae as a management 
tool in a sizeable system, is not plausible. However, estuarine systems have hydrological 
influences such as tidal exchange, internal mixing, and freshwater flows that appear to be 
imperative in the distribution aid amount of macrophytes. Thus, it seems imperative that the 
hydrological regimes of aquatic systems with strong, seasonal flushing regimes not be 
impeded in any way by human activity, within the catchment or the water body itself. This is 
of particular interest to aquatic managers if the potential result of hydrological interference is 
the accumulation of unattached macroalgal accumulations in nuisance proportions and 
subsequent impacts on sediment-water nutrient fluxes. In altering hydrological regimes, 
immediate impacts are observed on the physical nature of the system itself, and more 
specifically, the size of macroalgal populations. Therefore, the redirection or impediment of 
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riverine sources to estuaries (i.e. dams) will inevitably affect sediment-water nutrient cycles, 
and resident macrophyte communities. 
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APPENDIX 1 :  
Species names for abbreviations used in cluster diagrams 
Chara sp. 
Graci/aria comosa Withell, Millar and Kraft 1994: 228-291 
Dasyc/adus sp. 
Cystoseira trinodis (Forsskal) C. Agardh 1820: 67 
Laurencia c/avata Sonder 1853: 694 
Hypnea valentiae (Turner) Montagne 1840: 161 
U/va australis C. Agardh 1823: 410-411 
Laurencia majuscula (Harvey) Lucas 1935: 223 
Chaetomorpha /inum (Muller) Kuetzing 1845: 204 
Ceramium filiculum Womersley 1978: 238, figs 4EF, 15A-E 
Enteromorpha intestinalis (Linnaeus) Link. Sliding 1948: 123, 
fig 2-4; 10a-d; 1963: 139, figs 87, 88 
Polysiphonia austra/iensis Womersley 1979: 491, fig. 9A-D 
Po/ysiphonia forfex Harvey 1859a: pl.96 
Enteromorpha ralfsii Harvey 1850: pl.282 
U/va lactuca (Linnaeus) Sliding 1968: 540; figs 1-5 
Grate/oupia filicina (Wulfen) C. Agardh var. luxurians A. and 
E.S. Gepp 1906: 259 
Cladophora valionoides Sander 1845: 49 
Chondria sp. 
Ceramium sp. 
Codium fragile (Surningar) Hariot. Lucas 1936: 54, fig. 35b, 
37 
U/va sp. 
Acetabularia sp. 
U/va taeniata (Setchell) Setchell and Gardner 1920a: 286; 
pl.28; 1920b: 273; pl.23 
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CL.RHIZO 
R. IMPLEX 
ENTERO.S 
E.CLATHR 
E.COMPRE 
ASTERONE 
C.SINUOS 
CL.FERED 
CL.HUTCH 
CLADOF.S 
GELIDIUM 
GELIDIOPS 
R.RIPARI 
E.PROLIF 
Cladophora rhizoc/onium van der Hoek and Womersley 
1984: 188 
Rhizoclonium imp/ex (Dillwyn) Kuetzing. Abott and 
Hollenbberg 1976: 92, fig.45 
Enteromorpha sp. 
Enteromorpha clathrata (Roth) Greville 1830: lxxvi, 181 
Enteromorpha compressa (Linnaeus) Nees 1820: Index (2) 
Asteronema sp. 
Colpomenia sinuosa (Roth) Derbes and Solier in Castagna 
1851: 95 
Cladophora feredayii (Harvey) 1856: pl.47 
Cladophora hutchinsonii (van der Hoek and Womersley) sp. 
nov. 
Cladophora sp. 
Gelidium sp. 
Gelidiopsis sp. 
Rhizoc/onium riparium (Roth) Harvey 1849: pl.238 
Enteromorpha prolifera (Muller) J. Agardh 1883: 129 
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APPENDIX 2: 
Investigating Methods Used to Measure Nitrogen Release Rates 
EXPERIMENTAL DESIGN 
Two experiments were employed to concurrently investigate the impacts of the pre-incubation 
period applied in benthic denitrification experiments. Firstly, a three to four day pre-incubation 
period as used by Nowicki (1994), and a 24h pre-incubation period used in these studies. 
Therefore, the null hypothesis for these experiments was: 
There is no difference in detection of nitrogen release rates when using the method of 
Nowicki (1994), or when using the method employed presently. 
MATERIALS & METHODS 
Sediment from Nedlands was used in both experiments. The experiment replicated using the 
method of Nowicki (1994) required a 3 day pre-incubation period, while the method used in 
these experiments used a 24h pre-incubation period. The results of these experiments will be 
distinguished as Nedlands (Nowicki), and Nedlands, respectively. All other materials and 
methods employed in these experiments were as described in section 6.2 Materials & 
Methods. Data analyses are described in section 6.2.8 Data Analysis. The additional factor 
of experiment was used in analyses to allow statistical comparison of nitrogen release rates of 
these experiments. 
RESULTS 
Nitrogen release rates measured from Nedlands (Nowicki) experimental treatments were 
significantly higher than rates of Nedlands treatments (Table 1). However, the interaction of 
time, treatment, and experiment was also found to be significant, indicating that the factors 
time and treatment compounded this result. Nitrogen release rates were generally between 
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0.8 and 1.6 mmol N/m2/d in Nedlands (Nowicki) treatments (Figure 1). However, minimal and 
maximal rates of 0.03 and 2.6 mmol N/rrf/d were recorded in sediment only and water only 
treatments, respectively, between days 1 and 3. Nitrogen release rates measured in 
Nedlands treatments were consistently between 0.2 and 0.6 mmol N/m 2/d between both days 
1 and 3, and 3 and 5. 
Oxygen concentrations in the headspace of Nedlands (Nowicki) experimental treatments 
were significantly higher than concentrations in Nedlands treatments (Table 1). In addition, 
the interaction of experiment and treatment was significant, indicating time compounded this 
result. Oxygen concentrations in Nedlands (Nowicki) treatments were between 5.5 and 
7.5mg/L over the experimental period, increasing with time (Figure 2). Concentrations in the 
headspace of Nedlands treatments remained constant at 4.7mg/L over the 5 day period. 
TABLE 1: Results of three factor ANOVAs of nitrogen release rates and oxygen 
concentrations for experimental treatments of Nedlands (Nowicki) and Nedlands experiments 
(*=<0.05, **=<0.01, ***=<0.001, NS=not significant). 
VARIABLE FACTORS d.f. F MS p-level 
N2 RELEASE RATES 
Experiment 1, 12 5.7248 6.5171 . 
Treatment 2, 12 1.197758 1.3635 NS 
Time 1, 12 0.0047 0.0031 NS 
Experiment x treatment 2, 12 0.1113 0.1267 NS 
Experiment x time 1, 12 0.0615 0.0406 NS 
Treatment x time 2, 12 2.8713 1 .8973 NS 
Expt x treatment x time 2, 12 3.8906 2.5708 . 
OXYGEN CONCENTRATIONS 
Experiment 1, 12 47.2274 30.5718 -
Treatment 2, 12 0.5387 0.3487 NS 
Time 2, 24 2.5689 1.3374 NS 
Experiment x treatment 2, 12 0.7371 0.4772 NS 
Experiment x time 2, 24 4.9176 2.5602 
Treatment x time 4, 24 2.2068 1.1489 NS 
Expt x treatment x time 4, 24 2.7409 1.4270 NS 
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FIGURE 1 :  Mean nitrogen release rates (in mmol N/m2/d) for Nedlands sediment incubated 
with the procedure of (a) Nowicki (1994), and (b) with the procedure des cribed presently 
(n=3) ± SE. 
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FIGURE 2: Mean oxygen concentrations (in mg/L} for the treatments water only 
( - ), sediment only ( _ _ _  ) and sediment + algae ( ---- ) incubated with the procedure of 
(a) Nowicki (1994), and (b) with the procedure described presently (n=3) + SE. 
DISCUSSION 
The nitrogen release rates measured using the current procedure were significantly lower 
than those measured using the Nowicki (1994) procedure. This may be due to the higher 
oxygen concentrations maintained during the experimental period of the latter experiment. 
However, when considering the differences in rates to those of the literature (Chapter 6), 
rates of both experiments are relatively low. 
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Variability associated with nitrogen release rates derived from experiments with a shorter pre­
incubation period (one day), was smaller than the variability associated with nitrogen release 
rates measured in the experiment with a longer pre-incubation period. Previous results 
suggest that sediment water nutrient fluxes become highly variable and increase after a 
period of five days (see section 4.3). Other studies also support short experimental 
incubation periods, as incubation time increases the risk of sediment-water chemistry and 
other artefacts, with the risk of producing erroneous flux rates also increasing (Berelson et. 
a/., 1998). The shorter pre-incubation period and lower variability associated with nitrogen 
release rates provides an increased confidence in measurements and analyses of rates. 
Therefore, it is concluded from these experiments that the modification of Nowicki's (1994) 
method presented here, makes no significant difference to nitrogen release rates, or their 
measurement. In addition, the modified method is preferable, as the pre-incubation period is 
less than 24 hour, minimising experimental artifacts associated with lengthy pre-incubation 
periods. 
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